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The relation of the adrenal glands to the circulation presents four 
major questions. How is the circulation affected by adrenal deficiency 
and by the administration of adrenal extracts? Do the adrenal glands 
at any time produce sufficient adrenin to affect the circulation? If 
so, what factors condition adrenin discharge? 

That extensive destruction of suprarenal tissue leads to marked cir- 
culatory asthenia has been recognized since the work of Addison and 
of Brown-Séquard. Profound asthenia leading to death invariably 
follows complete destruction of all the adrenal tissue. The causation 
of the cardio-vascular collapse has been studied by many investigators 
but is still undetermined. Until the epoch making work of Oliver and 
Schafer in 1896 it was believed that adrenal destruction results in a 
fatal accumulation of toxic products in the blood; without ever having 
been conclusively disproved, this theory has largely dropped from view 
because of lack of satisfactory evidence in its support. 

When, however, the remarkable power of adrenal extract as a cardio- 
vascular stimulant was discovered, it was immediately assumed and 
for years generally believed that the essential factor in the symptoma- 
tology of adrenal deficiency is deprivation of the so-called active prin- 
ciple, now widely known as adrenalin. It was assumed that this sub- 
stance is constantly discharged in sufficient quantity to maintain a 
stimulating influence on the sympathetic nervous system. Blood 


1The literature now] includes hundreds of papers dealing directly or in- 
directly with the relation of the adrenal! glands to the circulation. Spacial limi- 
tations obviously preclude specific consideration of most of these. More de- 
tailed consideration of much of this literature may be found in the new editions 
of Biedl’s and of Vincent’s well known monographs and in Internal Secretions and 
Metabolism, edited by Barker, Hoskins and Mosenthal, all of which will sup- 
posedly be available by the time this article is in print. 
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pressure, which changes quickly under the influence of adrenin, has 
been used largely as a criterion of sympathetic stimulation. 

EFFECTS OF ADRENAL DEFICIENCY. The precise circulatory effect 
of adrenal deficiency was first studied by Strehl and Weiss (1). Their 
method was to register changes of arterial pressure ensuing upon occlu- 
sion of the lumbo-adrenal vein in the rabbit. They noted most com- 
monly a brief fall, which returned to normal upon releasing the vein. 
Their results were not consistent and are not convincing in that the 
period of occlusion was very brief and that the depressor effects of 
sensory stimulation in the adrenal region were not recognized. Young 
and Lehman (2), in Vincent’s laboratory, repeated the experiments on 
dogs, leaving the ligatures in place from 10 to 30 minutes. But very 
slight fall of blood pressure occurred and that very gradually. Young 
(3) independently repeated the experiment and observed no significant 
fall of pressure for hours. Biedl (4) reported that in case of the adrenals 
transposed to an extraperitoneal situs, extirpation led to a fall of blood 
pressure that lasted 15 to 30 minutes, but the pressure then returned 
to normal and remained so for 2 or 3 days. 

In 1912 Hoskins and McClure (5) repeated the ligation experiments 
on dogs. Occluding ligatures were placed across the mouths of the 
lumbo-adrenal veins and, after waiting for the immediate effects of the 
operation to disappear, the results of closing and releasing the veins 
were recorded. Each experiment continued from 10 to 30 minutes. 
In only one case was any significant fall of blood pressure observed. 
Vincent and his students (6) have recently restudied the problem by 
comparing, over a period of from 12 to 40 hours, the course of blood 
pressure of anesthetized dogs with adrenals intact and those with the 
glands extirpated. No significant differences in blood pressure changes 
were noted after adrenal ligation. Bazett (7) has also found in case of 
cats and rabbits that adrenal extirpation fails to produce prompt fall 
of blood pressure. Since injected adrenin has but an evanescent effect, 
such observations indicate that the symptoms of adrenal deficiency 
are not due to lack of adrenin. That adrenal extirpation, however, 
results in no early significant alteration cannot, in the light of recent 
observations, be maintained. Winkin (8) has shown that the blood 
pressure reactions to cerebral anemia are modified early after occlusion 
of the adrenal vessels. 

As to the cause of collapse following adrenal extirpation, Elliott (9) 
proposed a theory that minute amounts of circulating adrenin are nec- 
essary to the functioning of the sympathetic system; that is, that, 
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without actually stimulating, they render it capable of transmitting 
impulses. This possibility was put to experimental test by Hoskins 
and Rowley (10). In a series of dogs, either normal or deprived of 
their adrenals, the effects of slow infusions of dilute ‘‘adrenalin’’ were 
studied. At no time was satisfactory evidence obtained that aug- 
mented adrenin in any way facilitated the transmission of vasomotor 
impulses. The condition of the vasomotor mechanism was studied 
by peripheral faradization of sciatic and splanchnic nerves and by 
injections of nicotin and “‘adrenalin.”” In numerous cases the adrenin 
infusion lessened the vasomotor irritability—sometimes to a marked 
degree. This was true of both the pressor and depressor mechanisms. 
The asthenia of adrenal deprivation does not depend, therefore, upon 
the failure of the sympathetic as a conducting mechanism. Neither 
does it depend upon a loss of sympathetic irritability, either central or 
peripheral, as was shown (11) by a study on a series of animals deprived 
of their adrenals. At a time when the animals exhibited marked weak- 
ness, cardiac and skeletal, reflex hypertension from central stimulation 
of the crural nerve persisted as did pressor reactions to adrenin. The 
reactions to nicotin, which is a selective sympathetic stimulant, were 
often even exaggerated. The irritability of the inhibitory fibers to 
the gut persisted even longer than that of the pressor fibers. That 
some part of the circulatory mechanism is early impaired, however, 
is indicated by the recent work of Rich (12), who found that hypoten- 
sion follows double epinephrectomy within a period of from 4 to 7 hours, 
at a time when muscular strength is still retained. 

That adrenin loss, itself, ordinarily plays any significant réle in 
adrenal deficiency is further rendered doubtful by the fact that extir- 
pation of one gland and denervation of the other has been shown by 
Stewart and Rogoff (13) to result in no apparent difference in the 
health of the animal, even though the adrenin output was reduced 
below detectable limits in the efferent adrenal vessels, hence, in the 
general blood stream, far below the quantity necessary to any known 
pharmacodynamic reaction. That adrenal denervation leaves an 
animal handicapped in meeting the strain of severe muscular exertion, 
however, has recently been shown by Hartman, Waite and Powell (14). 

On the whole, it is doubtful whether the striking hypotensive effects 
of adrenal deficiency have their origin within the sympathetic system. 
Recent work of Sandiford (15) and others showing the marked effect 
of adrenin on basal metabolism suggests that the fault, if connected in 


any way with adrenin deficiency, lies in the effector rather than the 
conductor mechanism. 
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THE EFFECTS OF ADRENIN ADMINISTRATION. The outstanding 
results of intravenous injections of adrenal extract were accurately 
observed by Oliver and Schafer. In short, they noted that blood pres- 
sure is strikingly augmented, the heart stimulated and the blood driven 
from the splanchnic organs. As to what became of the blood thus 
shifted from the viscera, their original reports gave little evidence. 
This mass shifting seems now, however, to be the most significant 
feature of adrenin hemodynamics. Hartman (16) was the first to 
study carefully this problem, as such. His general plan of procedure 
was to administer standard doses of adrenin to animals in three con- 
ditions: a, with circulation intact; b, with the major splanchnic vessels 
ligated; and c, with the major extrasplanchnic vessels ligated. It was 
found in general that when the blood traversed the extrasplanchnic 
circuit, depressor effects, hence vasodilatation, resulted from the ad- 
ministration of adrenin; whereas when the circulation was confined 
predominately to the splanchnic area, the standard dose caused a rise 
of pressure, hence vasoconstriction. 

Numerous other studies of the detailed effects of adrenin in the splanch- 
nic area have been made by plethysmography, venous outflow and 
Stromuhr methods. The literature on this point has recently been 
summarized elsewhere (17). Suffice it to say that later work in general 
has confirmed the observations of Oliver and Schafer to the effect that 
pressor doses of adrenin result in depletion of the splanchnic domain. 

Hartman’s studies left undetermined the problem as to what particu- 
lar structures receive the blood deflected from the splanchnic area, 
Since the volume of the central nervous system and of the bones is 
essentially fixed, and since the glandular structures in the extrasplanch- 
nic areas are of relatively slight volume, the mass shifting of the blood’ 
must involve predominately the muscle, the skin, or both. Earlier 
observers had noted that ordinarily the limbs react by contraction; 
now and again, however, expansion, which was regarded as a passive 
effect, was seen. 

The differential effects of adrenin in the skin and muscle were studied 
in the writer’s laboratory (18). In dogs, studies on the volume of 
intact limbs and on carotid blood pressure were made simultaneously. 
Both pressor and depressor doses of adrenin were administered by 
vein. In most cases the volume of the limb decreased, irrespective of 
the systemic reaction. In such preparations skin and bone constitute 
a large proportion of the tissue mass. The effect of disarticulating 
the limb at the tibio-tarsal joint and removing the paw and the skin 
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from the plethysmograph was striking. In all cases except when 
massive doses of adrenin were injected clean-cut expansion now resulted. 
The studies were extended by noting simultaneously the rate of outflow 
from a muscular and a cutaneous branch of the same vein. Within 
all ranges of dosage that could be regarded as physiological, whether 
pressor or depressor, increased outflow from the muscular branches 
and decreased outflow from the cutaneous branches were seen. These 
observations were subsequently confirmed by Hartman and Fraser 
(19) and by Gruber (20). Gruber further found that cutting the 
nerve to the muscle prevented vasodilatation during the earlier period 
in which local vasomotor tonus was abolished, but as tonus was re- 
gained dilatation could again be evoked. The outstanding effect of 
adrenin within physiologic limits, then, is to shift the blood from the 
splanchnic area and the skin to the skeletal muscles. This effect is 
seen irrespective of whether pressor or depressor doses are used, hence 
cannot be regarded as passive. 

Vasodilator effects of adrenin. That adrenal extract may produce a 
fall in blood pressure was reported by Moore and Purinton (21) in 
1900. Aqueous extracts were made from both the cortex and the 
medulla of the glands. The protein components were largely removed 
by boiling in a slightly acid medium. The experiments were carried 
out on 7 dogs under chloroform anesthesia. The vagi were paralyzed 
by atropin. It was found that intravenous injections of medullary 
extracts in doses equivalent to 0.005 to 0.010 mgm. of gland substance 
per kilogram body weight gave pressor reactions of from 20 to 40 mm. 
Hg. With doses below 0.001 to 0.003 mgm. only depressor effects 
were ordinarily obtained. Two animals, however, gave only pressor 
responses. These investigators left open the question whether the 
change from pressor to depressor reactions was due to the presence of 
an unrecognized impurity or to the activation of some depressor 
mechanism. 

That adrenal extracts are able to produce vasodilatation and thus a 
fall of blood pressure was reported by Dale in 1906 (22). This investi- 
gator had noted that ergotoxin paralyzes sympathetic fibers that have 
a stimulating function, leaving more or less intact those having an 
inhibitory function. A dose of adrenin that, in a normal animal, would 
evoke rise of pressure was found, after ergotoxin poisoning, to cause a 
fall. Elliott (23) reported that he had occasionally observed depressor 
effects from very dilute solutions of adrenin, but apparently was un- 
willing to accept the observations as valid. Despite such observations, 
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however, for many years the depressor effect of adrenin was regarded 
as negligible or non-existent. In 1912 Hoskins and McClure (5), anda 
year later Cannon and Lyman (24), studied more carefully the systemic 
reactions to adrenin in different doses. With very slight quantities 
it was found that the outstanding effect was depression; then as the 
dosage increased the depressor was gradually superseded by a pressor 
effect. Cannon and Lyman noted that both the pressor and depressor 
effects were, within limits, cumulative. They observed, also, that 
when the initial blood pressure was low, only pressor effects could be 
elicited. These results were confirmed by Hartman in 1915. 

Hartman (25) and his collaborators have more recently published 
extensive observations on the adrenin vasodilator mechanism. They 
noted that if the splanchnic nerves were cut, adrenin in doses that had 
previously caused a rise of pressure now caused only a fall. The part 
played by the central nervous system in the vasodilator reaction was 
also studied. A segment of intestine or a limb was cut off from the 
body circulation and independently perfused with warm oxygenated 
Ringer’s solution. The part was connected with the rest of the body 
only by its nerves. The organ was then placed in a plethysmograph or 
the venous outflow was measured directly. Adrenin injection into the 
general circulation brought about vasodilator effects in the isolated 
organ, and these must have been mediated by the central nervous sys- 
tem or ganglia. Decerebration failed to affect the reaction. When 
the medulla was destroyed the systemic depressor reaction was con- 
verted to pressor, but the dilator mechanism in both the limb and the 
intestine was found to be still functional. Destroying the spinal cord 
failed to abolish the dilator response, hence it was concluded that the 
effect was partially determined outside the central nervous system, 
proper. Subsequent investigation showed that local vasodilator effects 
could be abolished by the destruction of the sympathetic or the dorsal 
root ganglia. It was found possible, on the other hand, to bring about 
dilatation by the application of adrenin directly to these ganglia. A 
systematic study was made of the occurrence of the vasodilator reac- 
tion in various species of animals. It was found absent in reptiles, 
birds and rodentia (rats and rabbits), but present in the opossum; it 
was demonstrated in the carnivora (cats, dogs and ferrets). But in 
the cat the mechanism was not functional until about the 11th week 
of life. 

Factors that modify adrenin reactions. Various factors have been 
found to modify the systemic reaction to adrenin. The Goetsch test 
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for exophthalmic goiter depends upon the augmented sensitivity of the 
sympathetic system with resulting increase in the response to the drug. 
Parathyroid extirpation, with its augmented sympathetic irritability, 
has a similar effect. Simonds (26) found that in dogs subjected to 
anaphylactic shock and peptone poisoning, the response to adrenin was 
either much diminished or entirely lost. Schiff and Epstein (27) have 
reported that general debility in children markedly decreased the reac- 
tion to adrenin. Collip (28) found that the pressor reaction was aug- 
mented and prolonged by the administration of tissue extracts, whereas 
the depressor reaction was lost or even converted to a pressor reaction. 
Similarly, he has shown in a striking way that under identical condi- 
tions a given dose of adrenin will cause a depressor response in a dog 
under light anesthesia, whereas increasing the depth of the anesthesia 
results in a pressor reaction to the same dose. As is well known, if the 
anesthesia is made very deep, the pressor effect is finally diminished 
(29). Cocain somewhat sensitizes the dog to adrenin. Hartman found 
that a given dose of adrenin which evoked constriction in a limb brought 
about dilatation when artificial heat was applied. The effects of hemorr- 
hage are sufficiently indicated in Cannon and Lyman’s observations 
that any factor leading to low initial tension converts the depressor to a 
pressor reaction. Snyder and Campbell (30) perfused adrenalin through 
the circulation of frogs. It was found that decreasing the acidity of 
the menstruum increased the vasoconstrictor effect, and vice versa. 
Collip (31) extended these observations to the dog. He found that 
the sudden administration by vein of a fairly large dose of sodium car- 
bonate resulted in a change of depressor reactions to pressor. A sub- 
sequent injection of acid sodium phosphate was found to convert the 
pressor to a depressor effect. Such reversals could be obtained repeatedly 
in the same animal. 

From the foregoing it is obvious that there is no justification for 
classifying adrenin as a vasoconstrictor agent. It is either vasodilator 
or vasoconstrictor, depending upon the amount used, the organ affected 
and the conditions of the experiment, as regards body temperature, 
depth of anesthesia, action of such deleterious factors as tissue extracts, 
anaphylaxis, etc. A failure to recognize the importance of these modify- 
ing factors accounts in part, perhaps, for the existing conflicts in the 
evidence regarding adrenal pharmacology. 

Effects of adrenin on the heart. As regards the isolated heart the evi- 
dence is strikingly consistent that adrenin causes stimulation. Bur- 
ridge (32) has shown that a slight amount of adrenin markedly im- 
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proves the activity of a heart exposed to unbalanced Ringer’s solutions. 
He believes that the adrenin effect is particularly related to the calcium 
ion effect. With the heart in situ and the vagi intact, the resulting 
high blood pressure, when larger doses of adrenin are administered, 
usually leads to secondary depression,—at least of the chronotropic 
function. On teleological grounds dilatation of the coronary vessels 
would be expected, and in most animals such results have been ob- 
tained. In man, however, Barbour noted that rings cut from the cor- 
onary arteries responded to adrenin by contraction only. The problem 
was further investigated by Barbour and Prince (33), using another 
primate, the Macaccus rhesus, the experiments being controlled with 
rabbits. Isolated hearts were perfused with diluted blood to which 
hirudin was added. In the rabbits increased coronary outflow always 
resulted, while in monkeys precisely the opposite effect was seen under 
all conditions of high or low perfusion pressure, with beating or resting 
hearts and with all effective doses of adrenin. The doses reported, 
however, were grossly in excess of any to which the heart of a normal 
animal is supposedly ever subjected. The problem is in need of further 
study with regard to the accessory conditions known to influence adrenin 
reactions and especially with regard to dosage. 

Effects of adrenin upon pulmonary circulation. The effects of adrenin 
upon the circulation of the lung have been studied by a number of 
careful investigators, beginning with Brody and Dixon and Plumier in 
1904. The earlier observers ordinarily used quantities at least hun- 
dreds or thousands of times as great as those in the normal blood stream. 
In general, under such conditions, increased pulmonary pressure and 
vasoconstriction were seen. Tribe (34) perfused the lungs of numerous 
cats, dogs, rabbits, guinea pigs and ferrets with adrenin in defibrinated 
blood. With high dilutions, dilatation was obtained, while with large 
doses, constriction resulted. Schafer and Lim (35) have reviewed the 
evidence and added many observations of their own. They employed 
adrenin in dilutions ranging from 1:2,000 to 1:62,000. In nearly every 
case constriction resulted. 

Studies of the effects of epinephrin on the pulmonary circulation 
in living animals have given varied results. Some observers have 
reported increased pressure and flow, and others, decreased. Des- 
bouis and Langlois (36) using an electrical method determined the rate 
of the blood flow in the lungs of the dog. Doses of 0.05 or 1.025 mgm. 
accelerated the flow; with larger doses retardation was seen. Anderes 
and Cloetta (37) came to the conclusion that adrenin ordinarily has no 
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effect upon pulmonary circulation. Schafer and Lim (35) studied the 
simultaneous effects on pulmonary and systemic blood pressure. The 
results varied somewhat in different animals, but the effects were more 
or less parallel in the two systems. The sum total of the available evi- 
dence indicates that the physiologic effects of adrenin in the lungs are 
not such as significantly to influence the systemic circulation. 

Effects of adrenin on venous pressure. Venous pressure, according to 
most observers, is not greatly affected by adrenin, except in large 
doses that result in back pressure from the heart. Connet (38) has 
recently reviewed the literature and reported a somewhat extensive 
series of experiments upon 50 dogs and 25 cats. She worked always 
with quantities of adrenin sufficient to cause a rise in arterial pressure. 
In order to eliminate the effects of respiratory movements and of anes- 
thesia, certain experiments were carried out on curarized and decere- 
brated animals. In these, such doses as 0.15 mgm. caused marked 
increase in arterial pressure, leaving pressure in the vena cava unchanged. 
Ordinarily, however, some increase in the venous pressure was noted, 
irrespective of whether the heart rate was increased or decreased. 
Altogether, it would appear that adrenin has relatively little effect 
upon the veins and this, such as to facilitate the systemic circulation. 

From the foregoing data it appears that the adrenals have an im- 
portant relation to the circulation and it is at least possible that adrenin 
itself plays a significant réle. As to whether such is the case under 
ordinary circumstances, opinion is divided. Some students still tend 
to the opinion that hypotension resulting from adrenal destruction is 
due merely to loss of circulating adrenin. Direct attempts to prove 
this have for the most part given negative results. 

Is ADRENIN NORMALLY SECRETED IN SIGNIFICANT QUANTITY? The 
ideal method of determining whether adrenin is normally secreted in 
sufficient amount to affect the circulation would be to ascertain the 
minimal amount that would exert a detectable influence and then to 
determine whether, under normal conditions, the adrenal glands, to- 
gether with accessory chromophil tissue, secrete this amount. Up to 
the present time, however, determinatidns of the adrenin output under 
normal conditions have not been made. It would seem that such could 
be approximately achieved by utilizing Biedl’s technique of transplant- 
ing the glands to a subcutaneous locus, with care to preserve intact 
both the circulation and innervation and, later, securing and assaying 
the efferent blood. With proper allowance for the dilution factor, 
the amount of adrenin in the blood stream could then be calculated. 
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The nearest direct approach to the problem has been made by Tren- 
delenberg (39), who withdrew blood from the carotid of the rabbit and 
passed it through the circulatory channels of the frog. His results 
indicate that adrenin occurs in the arterial stream at most in a dilution 
of 1 to 2 or 3 billions. This is a quantity that has no perceptible in- 
fluence in mammals. Moreover, it was not demonstrated that the 
minute amount of pressor substance found by Trendelenberg was 
actually adrenin. Thisexperiment obviously left undetermined whether 
secreted epinephrin exerts an appreciable influence in the lesser circu- 
lation or in the respiratory processes, intervening between the adrenals 
and the carotid artery. 

Observers of a decade ago were of the opinion that adrenin is se- 
creted in fairly high concentrations. Later investigators, however, 
have found the concentration much less. The method employed in 
such determinations has been ordinarily to open the body cavity and 
draw off the blood from the lumbo-adrenal veins, either directly or into 
a pocket fashioned from the vena cava and assaying it outside the body. 
Using this method, Stewart and Rogoff (40) and Hoskins and McClure 
(5) noted in dogs a total output approximating 0.0002 mgm. per kilo- 
gram body weight per minute. More recently, Stewart and Rogoff 
(41) have made a few determinations in dogs, obtaining the blood more 
directly through a lumbar incision. They secured an output approxi- 
mately the same as with the older technique. However, when assayed 
by the pupillary reaction of the experimental animal the output in 
cats appeared to be about 0.0007 mgm. (42). It is to be noted that in 
all such cases two factors which probably more or less vitiate the results 
have been introduced, namely, anesthesia and trauma. The quantity 
of adrenin necessary to affect blood pressure was found by Hoskins and 
McClure (5) to be about 0.0005 mgm. per kilogram per minute. Ap- 
proximately five times as much was required for minimal pressor effects. 
The determinations of the threshold have been made for the most 
part in animals under anesthesia, but work in the writer’s laboratory, 
in which the reactions to adrenin were determined under local and 
under general anesthesia, showed that the thresholds do not vary sig- 
nificantly unless the anesthetic be deep. The data thus obtained indi- 
cate roughly that the amount of adrenin secreted is of the general 
magnitude of that requisite to influence circulation, but the experi- 
mental methods have involved too many uncontrolled variables to be 
convincing. 
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A number of indirect attacks upon the problem has been made. 
If secreted adrenin were a normal factor in regulating the circulation 
it would presumably have a “‘sustaining” effect. If it be assumed that 
blood pressure is being continuously sustained by adrenin discharge, 
the addition of a slightly greater quantity of the drug should result in 
corresponding increase of pressure. If, however, a dog of quiet dis- 
position be carefully anesthetized with minimal excitement and with 
minimal trauma and an artery and vein be cannulated, small quanti- 
ties of adrenin can be introduced into the blood stream with absolutely 
no effect upon the blood pressure. This observation in itself indicates 
that no significant amount is being secreted, since an existing threshold 
has to be passed. As the quantity of injected adrenin is slowly increased, 
the first reaction to appear is depression. If the infusion continues at 
a constantly increasing rate, ultimately the depressor effect disappears, 
to be followed by a pressor effect. The logical conclusion from such 
observations is that the adrenals are ordinarily quiescent and that 
the first effective result of adrenin discharge is decrease of arterial 
pressure, brought about supposedly by dilatation in the skeletal muscle. 

A somewhat less convincing experiment is to determine simultaneously 
the threshold for adrenin vasomotor effects and peristalsis-inhibiting 
effects. In the writer’s experience, peristalsis is brought to a standstill 
with considerably higher dilutions than are required to exert an effect 
on circulation. Experiments along this line have been relatively few, 
however, and have extended over a period of but a few minutes. It is 
conceivable that adaptation might later occur and intestinal peri- 
stalsis be resumed, even while adrenin in pressor quantities was being 
circulated. 

The evidence as a whole militates against the supposition that blood 
pressure is ordinarily maintained by the stimulating influence of small 
quantities of adrenin continuously secreted. It is, of course, obvious 
that all the experiments cited have been made under artificial conditions 
and hence donot exclude the possibility that in the normal animal, under 
perfectly normal conditions, such a minimal pressor influence may be 
exerted but, in the face of the evidence, the burden of proof is upon 
those who hold this view. A considerable number of clinicians has 
consistently maintained the view as supporting the theoretical etiology 
of so-called ‘‘hypoadrenalemia.”’ In this connection, it may be recalled 
that Cannon and Lyman and Collip have reported that with conditions 
of low blood pressure adrenin in any effective amount exerts a pressor 
influence. The clinical theory mentioned, if worked out with sufficient 
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ingenuity, is not, therefore, untenable, although distinctly improbable. 
The more probable hypothesis to account for the low blood pressure 
which follows adrenal destruction is that not the medulla but the cor- 
tex is at fault. Such a hypothesis must be invoked to account for 
the final death of an epinephrectomized animal, for it is impossible to 
maintain life by the artificial administration of adrenin in any way or 
in any quantity. 

FACTORS CONDITIONING ADRENIN DISCHARGE. However unlikely 
it is that adrenal discharge exerts a significant effect upon the circula- 
tion under ordinary conditions of quiescent existence, there has accu- 
mulated much evidence that under special conditions the rate of dis- 
charge may rise to an effective level. The problem has been under 
almost continuous investigation in the laboratories of Stewart and 
Cannon for more than a decade and a large proportion of the available 
data has come from these two sources. 

Nervous control of adrenal discharge. That stimulation of the splanch- 
nic fibers running to the adrenal glands may lead to augmented adrenin 
discharge was first observed by Biedl and by Dreyer, who noted that 
blood collected from the adrenal veins during splanchnic stimulation 
had a greater pressor effect than that obtained without such stimula- 
tion. Recently Tournade and Chabrol (43) have confirmed this by a 
crossed circulation experiment in which the adrenal blood from one dog 
was shunted directly to the jugular vein of a second. Splanchnic 
nerve stimulation in the first gave a rise of blood pressure in the second. 
Stewart and Rogoff have further shown that section of the splanchnic 
nerves leads to a marked depression of adrenin output—at least under 
the artificial conditions of their experiment. The demonstration of 
functional nerve fibers to an organ is essentially tantamount to proof 
of its central control. 

Langley found that in the cat the splanchnic nerves received white 
rami from the fourth or fifth thoracic segment to the second lumbar 
segment of the spinal cord. The immediate source of fibers to the 
adrenals would, therefore, fall somewhere within these limits. Stew- 
art and Rogoff (44) attempted to locate more precisely the region of 
outflow by sectioning the spinal cord at various levels. They investi- 
gated the adrenal output by the denervated eye reaction of Meltzer 
and the intestine-uterus method of Stewart. They were unable to 
detect any difference of adrenin secretion following destruction of any 
part of the central nervous system as low as the last cervical section. 
When, however, the cord was further destroyed it was found that se- 
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cretion ceased and it was concluded that the fibers concerned in the 
liberation of adrenin do not extend much below the third thoracic seg- 
ment. They concluded that there is a center for adrenal discharge 
in the upper part of the thoracic cord. They were unable, however, 
to demonstrate activation of this center except by pharmacologic means 
(strychnia or sodium carbonate). 

Cannon and Rapport (45) have investigated further the location 
of the adrenal center. They used as criterion of adrenal discharge, 
change of the rate of the denervated heart. Careful precautions were 
observed to eliminate incidental variables such as redistribution of the 
blood, differences in initial blood pressure, changes in respiration, etc. 
That the adrenal glands were secreting under the conditions of the 
experiments was indicated by a decrease in the heart rate when the 
adrenal glands were removed. It was found possible to bring about an 
increased heart rate, varying from 12 to 40 beats per minute in various 
instances, by stimulation of the sciatic or brachial nerves. Successive 
ablations of the higher portions of the brain failed to abolish this ac- 
celerating effect until transection was made about 2 mm. caudad to the 
corpora quadrigemina. When, however, this portion of the central 
nervous system was destroyed, sciatic or brachial stimulation no longer 
evoked increased heart rate. It had previously been shown that re- 
moval of the adrenal glands under similar experimental conditions 
likewise abolished the heart acceleration; hence, it was concluded that 
the center for adrenal discharge lies in the region mentioned. It was 
found further that stimulation of the central end of the vagus or of the 
depressor nerve caused a slowing of the denervated heart by as much 
as 24 beats per minute. This reaction likewise persisted after ablation 
of the brain as low as the corpora quadrigemina, but disappeared when 
the brain stem was destroyed a few millimeters caudad to the corpora. 
This depression likewise disappeared when the adrenal glands were 
removed. 

Methods of accelerating adrenal discharge. The conditions that de- 
termine adrenal activity have been under careful study for more than 
10 years. As was early recognized, the presence of sympathetic se- 
cretory nerves to the glands establishes strong a priori likelihood that 
adrenal secretion would be brought about by any influence which acti- 
vates the sympathetic system generally; that is, by such conditions as 
cause stoppage of gastro-intestinal peristalsis, increased blood pressure, 
dilatation of the pupils, contraction of the pilo-motor muscles, ete. 


It has long been known that such reactions are readily evoked by strong — 
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emotions, by pain, and by asphyxia. It is likewise easily demonstrable 
that they may be evoked by the intravenous injection of adrenin. To 
prove or disprove, however, to the satisfaction of critical physiologists 
whether adrenal discharge actually occurs under experimental condi- 
tions has presented a very difficult problem. A voluminous contro- 
versial literature on the point has accumulated. The evidence, pro and 
con, can be found for the most part in articles by Stewart and Rogoff 
and by Cannon and his collaborators. But a few of the observations 
can be mentioned here. 

The deduction that emotions cause adrenal discharge was put to 
experimental test by Cannon and de la Paz (46) in 1911. By means 
of a flexible catheter introduced through the femoral vein into the vena 
cava above the level of the lumbo-adrenal veins, blood was secured from 
cats both before and after emotional excitation. This blood was then 
assayed for its adrenin content by use of strips of longitudinal intestinal 
muscle. Evidence was thus obtained of significant adrenal discharge 
during emotion. Removal of the adrenal glands abolished the reaction. 
By essentially the same technique, Cannon and Hoskins (47) obtained 
evidence of adrenal discharge during asphyxia and strong sensory stimu- 
lation. Anrep (48) shortly afterward noted that a denervated limb or 
kidney first expanded, then contracted sharply, when the central end 
of the cut sciatic nerve was stimulated. This contraction occurred in 
the face of an augmented blood pressure, hence could not be regarded 
as passive. Since the organ was denervated the contraction must have 
been brought about by some chemical substance. Since the reaction 
disappeared when the adrenals were excluded the chemical substance 
was supposed to have been adrenin. Anrep’s observation on the de- 
nervated limb was confirmed by Pearlman and Vincent (49). These 
phenomena Stewart and Rogoff undertook to explain on a basis of 
redistribution of blood or changes in the rate of flow. Burton-Opitz 
(50), however, as well as other investigators, have recorded evidence 
indicating that such explanations are not tenable. Gley and Quin- 
quaud (51) studied the effects of asphyxia on adrenal discharge. In 
brief, they noted that 4 to 8 cc. of adrenal blood caused as great rise of 
blood pressure when obtained during asphyxia as did 15 cc., obtained 
without asphyxia. Likewise, they noted that 20 cc. of blood from the 
vena cava above the lumbo-adrenal veins, after 3 or 4 minutes of as- 
phyxia, caused a rise of arterial pressure from 24 to 45 mm. higher than 
was produced by the same quantity of caval blood similarly obtained 
before asphyxia. Similarly Kellaway (52), using the pupillary reaction, 
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obtained data indicating that asphyxia causes adrenal discharge. More 
recently Gley has taken the ground that the adrenals do not play a sig- 
nificant part in the experimental vasomotor reactions. 

An important advance in technique was introduced by Cannon (53) 
in 1917. This was the use of the denervated heart as an indicator of 
adrenal discharge. Stewart had previously used the denervated pupil, 
but changes in pupillary diameter lend themselves less readily than do 
changes of heart rate to objective recording. Cannon and Rapport 
(54) showed that in an animal in which redistribution of the blood was 
largely eliminated by tying the carotid, brachial and renal arteries 
and the lower aorta and by cutting the mesenteric nerves, brachial and 
sciatic stimulation resulted in increased heart rate, varying from 12 
to 39, most of the figures falling in the upper range. Such results 
have been criticised by Stewart and Rogoff on the grounds that it is 
possible to demonstrate cardiac acceleration, even with the adrenals 
removed. The explanation of the discrepancy apparently lies in the 
fact that in animals that are digesting meat there may be discharged 
from the liver an unknown substance which stimulates the heart (55). 
If, however, the hepatic nerves are severed, this no longer enters as a 
disturbing factor, and in such animals clean-cut acceleration of the 
pulse can be obtained by sensory nerve stimulation and subsequently 
done away with by the removal of the adrenal glands. That these 
effects were due essentially to adrenal discharge rather than to circu- 
latory changes of any sort was shown by the injection of adrenalin at a 
constant rate, simulating normal adrenal discharge, while the sensory 
nerves were being stimulated. In such cases the augmentation of the 
heart rate failed to appear; hence it cannot be argued that the tachy- 
cardia was due to any sort of redistribution of a constant amount of 
adrenin coming from the glands. 

Recently Cannon and Carrasco-Formiguera (56) have restudied the 
problem, using Stewart’s original technique except that the denervated 
heart, instead of the denervated pupil, served as test object. They 
found that when the blood from the adrenal glands was restricted from 
the circulation, reflex cardio-acceleration was prevented. After removal 
of the venous block the response again appeared. The time interval 
between the beginning of reflex stimulation and the cardiac response 
was approximately thesame as that seen after stimulating thesplanchnic 
nerve or injecting adrenin by vein. Similarly, asphyxia for 45 seconds 
resulted in cardio-acceleration when adrenal egress was possible but 
failed to do so when the adrenal discharge was blocked. 
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Altogether, it seems that, despite the ingenuity with which the data 
have been criticised, enough careful and concordant observations are 
now available to justify the conclusion that the adrenal glands are 
controlled by the central nervous system and that they are stimulated 
to effective secretion, as would be expected, by such influences as affect 
other organs under sympathetic control. These influences are, es- 
pecially, strong emotions, pain and asphyxia. The adrenin thus dis- 
charged reinforces the sympathetic stimulation leading to a mass shift- 
ing of the blood from the ‘‘ vegetative’ organs to those involved in 
neuromuscular exertion. 


RESUME 


The adrenal glands have a definite pharmacologic relation to the 
circulation by virtue of their production of adrenin. Adrenincauses 
stimulation of the heart, vasoconstriction in the splanchnic and cutan- 
eous regions and dilatation in the skeletal muscle. Increased or de- 
creased blood pressure may result depending upon dosage and various 
accessory factors. Adrenal extirpation with its resulting circulatory 
collapse proves the existence of a physiologic relationship also. This 
collapse is not entirely if at all due to adrenin lack since it cannot be 
long forestalled by administration of the drug and it does not ensue 
when adrenin secretion is reduced below detectable limits. The slow 
development of the symptoms of epinephrectomy also indicates that 
they are not due to sudden failure of adrenin as a stimulatory substance. 
Direct experimentation shows that adrenin often depresses sympathetic 
irritability. Marked symptomatology develops while the sympathetic 
system responds well to stimulation. If adrenin deficiency is a factor, 
it probably operates in the effector rather than the conductor mechan- 
isms. The adrenals are stimulated to secretion by splanchnic nerve 
irritation, hence are supposedly under central control. Evidence of 
the existence of an adrenal center immediately caudad to the corpora 
quadrigemina has been reported. The preponderance of the evidence 
indicates that adrenal depression is evoked by stimulation of the vagus 
or depressor nerves and augmentation by asphyxia, pain and emotional 
excitement. This augmentation results in a mass shifting of the blood 
from the skin and viscera to the organs involved in neuromuscular 
exertion. The cortex is probably the indispensable part of the adrenal. 
The medulla apparently serves merely to reinforce the sympathetic 
system in times of stress. 
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THE INTERPRETATION OF SPINAL REFLEXES IN TERMS 
OF PRESENT KNOWLEDGE OF NERVE CONDUCTION 


ALEXANDER FORBES 
Department of Physiology of the Harvard Medical School 


The contrast between the phenomena of conduction in the peripheral 
nerve trunk and in the reflex arc has been the theme of much discussion 
in the literature on the nervous system. The comparative simplicity 
and approximately machine-like regularity of the response to stimula- 
tion in the nerve trunk, as compared with the great complexity of be- 
havior in the animal whose central nervous system is intact, has led to 
the general view that in the structures of the central gray matter exist 
functional capacities differing fundamentally from those of the nerve 
fiber, and indeed having no counterpart in so simple a mechanism as the 
nerve-muscle preparation. In these obscure functional capacities of the 
gray matter are supposed to lie the secret not merely of the coérdination 
and adaptation of spinal reflexes, but of volition, memory and habit- 
formation. 2 

Faced by the vast complexity of the entire central nervous system in 
even the lowest of vertebrates, we have sought to attack the problems 
of its physiology by looking for the key to these functions in the spinal 
reflexes, taking the spinal cord as the simplest mechanism involving the 
gray matter. 

The contrast between nerve-trunk and reflex are may be viewed from 
the angle of the diversity of purpose which the structures serve. The 
nerve fiber apparently exists for the purpose of transmitting messages 
to remote parts, rapidly, economically and without modification. The 
central structure appears to serve as a junctional point where messages 
from many regions may be correlated, relayed and distributed to other 
regions. In this respect the fibers and centers may be likened to the 
wires and central offices, respectively, of a telephone system. 

Anatomically the nerve fiber is characterized by its comparative 
simplicity, extending as it does for great distances without branching or 
changing much in size or form. In contrast with this the gray matter 
presents a picture of the most prodigious complexity, with intricate end 
branches and dendrites providing the connections for extensive coérdi- 
nation of conducting paths (1, section II). 
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Finally, the contrast between nerve-trunk and reflex are may be 
viewed from the angle of experimentally observed functional differences, 
Sherrington in 1906 (2, p. 14) summarized the differences between con- 
duction in nerve-trunk and reflex arc, the most important of which are 
as follows:—Reflex conduction shows a, slower speed as judged by 
latency of response; b, after-discharge, i.e., persistence of response after 
stimulation has ceased, often for several seconds; c, summation, single 
stimuli in many reflexes failing to produce any response, whereas a 
repeated series is effective; d, irreversibility, conduction from afferent 
to efferent neurones being possible, but in the reverse direction through 
the central structure, impossible; e, fatigue on continued stimulation, 
in contrast with the nerve-trunk which exhibits extraordinary resistance 
to fatigue; f, far greater variability of threshold, or ease with which 
responses can be evoked; g, mutual relations between allied or antago- 
nistic reflex arcs, manifesting themselves as reinforcement or inhibition; 
h, far greater dependence on blood supply and oxygen, and correspond- 
ingly greater susceptibility to anesthetics. Broadly speaking, these 
are the most notable differences between the reflex arc and the nerve 
fiber as regards conduction. 

We are confronted with the question; wherein lies the basis for these 
differences? As already indicated, microscopic anatomy reveals great 
structural differences; the nerve fiber presents a cylindrical structure 
surrounded by a membrane, usually by a sheath of myelin, separating 
the protoplasm within from the body fluids without; the reflex are, on 
the other hand, comprises besides relatively simple axons conducting 
to and from the central structures, an intricate series of end branches 
whereby the afferent neurone makes contact with the central and motor 
neurones, elaborately branched dendrites converging in cell bodies 
containing nuclei, and points of contact or connection between the end 
branches and the dendrites, little understood as to their finer detail, 
designated synapses. 

Sherrington (2, pp. 15-17) presents cogent reasons for supposing that 
the nerve-cell body is not the part of the reflex arc to which its peculiar 
conducting properties are referable, and for looking instead to the 
synapse, or point of connection between neurones. He suggests that a 
membrane or surface of separation across which conduction between 
neurones must occur, might readily account for the functional prop- 
erties of the synapse. 

Loeb (3, pp. 4-6), some years earlier, emphasized the continuity of the 
conducting protoplasmic path as the essential feature in the reflex are, 
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a view which tends to place the burden of its properties rather on the 
distribution of the pathways than on the presence in them of a trans- 
verse membrane of separation between cells. 

We might conclude that the indisputable difference between the 
reflex arc and the nerve-trunk lies in the intricately branching system of 
interconnections on the one hand, and the isolated, unbranched arrange- 
ment on the other. Other significant structural differences are more 
open to question. In particular, whether there is indeed a true surface 
of separation between connecting neurones, or whether there is actual 
protoplasmic continuity, seems not to be settled as yet by any histolog- 
ical research, although the recent work of Marui (4) points to the latter 
view. So far as I am aware, no thorough attempt has beenmadetosee 
if other possible attributes of the synapse might provide a basis for its 
behavior in as satisfactory a manner as the surface of separation to 
which Sherrington has drawn attention. I shall return to this consid- 
eration later. 

Most of the literature concerning the physiology of the central nervous 
system was written before the present concepts of nerve function had 
been developed. For this reason we find the conducting paths treated 
as if they were pipe lines through which continuous streams of an imag- 
inary fluid could be poured. Correspondingly, stimulation, as treated 
in the literature, might be likened to opening a valve or faucet whereby 
any desired quantity of this fluid is poured into the stimulated nerve. 
The application of an interrupted current was assumed to start a steady 
flow of nervous energy along the stimulated nerve, the flow being graded 
in volume according to the strength of the stimulating current. Then, 
as the resulting stream of nervous energy encountered various resis- 
tances in its path through the central connections, it was supposed to 
lose its strength little by little in proportion to the resistance encount- 
ered (2, p. 156). Little or no attention was paid to the individual nerve 
impulses making up the stream. The word ‘excitability’ was used in 
a loose sense without definition, variations in the threshold of stimulus 
and in the magnitude of response being used indiscriminately as cri- 
teria, as if they necessarily had the same meaning. It was natural 
for physiologists to treat nervous activity in this way, since the apparent 
gradation of response to stimuli of various strengths, both in the nerve- 
muscle preparation and in the spinal frog, suggested that the strength 
of a nerve impulse might be graded as easily as the current flowing in 
a wire. 

Researches in the last fifteen years, especially those of Lucas and 
Adrian(5), (6), (7), (8), (9), (10), (11), (12) have thrown a flood ofnew 
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light on the physiology of the excitable tissues (nerve and muscle), 
which must necessarily modify our interpretation of the observations, 
past and future, on the activities of the central nervous system. Specifi- 
cally there is need of revising all statements which imply without 
qualification that this system functions by means of continous streams 
of nerve energy which may be varied in the manner of streams of water, 
at least wherever axons are concerned. Also, as Lucas has pointed out 
(11, p. 48), it behooves us to state what we mean more explicitly than in 
the past when we speak of excitability. 

Even since the firm establishment of the modern concepts concerning 
the nerve impulse, very few papers dealing with the central nervous 
system have shown the heed for them which an adequate treatment of 
the subject demanded. Notable exceptions are Sherrington’s recent 
papers (13), (14), (15) on the flexion reflex and Martin’s paper (16) on 
the vasomotor reflexes, both of these authors having given the most 
careful consideration to the implications of the new knowledge. Not 
only do these modern concepts of nerve function place definite restric- 
tion upon the events we may suppose to occur in the various axons of 
the nervous system, but they open to us a vista of great possibilities of 
drawing in the future a simplified picture of the working of the nervous 
system. It is conceivable that through a great generalization in this 
direction, much that is now regarded as quite inaccessible to analysis 
will become intelligible in relatively simple terms. 

The exact nature of the nerve impulse is not yet understood, but such 
a definite picture of its general nature has emerged from the above- 
mentioned researches that we may already begin to make far-reaching 
changes in our interpretation of the nervous system as a whole. The 
analysis of the functional response in excitable tissues has been carried 
far enough to indicate a most significant and fundamental similarity in 
the behavior of all those subjected to quantitative study. Cardiac 
and skeletal muscle, nerve and the junctional tissue between nerve and 
muscle, all reveal in their response to stimulation certain essential and 
fundamental properties in common, differing quantitatively, but not 
qualitatively. The disturbance which results from stimulation and 
its mode of initiation both seem to be essentially the same in all. 
That in tissues so different in structure and embryonic ancestry as those 
mentioned, these essential elements of function should be the same in 
all, is a matter of profound significance. It suggests the inherent pro- 
pensity to react in this way as perhaps a basic property of living cells 
in general. At all events, it establishes the probability that the pro- 
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pensity exists in all cells in the nervous system, whose embryonic kin- 
ship to each other is far closer than their kinship to muscle. 

The establishment of a common, and fairly well understood basis for 
the execution of the functional response in all those tissues (nervous 
and muscular) which have yielded to functional analysis, suggested to 
Lucas the possibility of its universal application, and led him to raise 
the following question: ‘‘Are we to suppose that the central nervous 
system uses some process different from that which is the basis of con- 
duction in peripheral nerves, or is it more probable that the apparent 
differences rest only on our ignorance of the elementary facts of the 
conduction process? If we had a fuller knowledge of conduction as it 
occurs in peripheral nerve, should we not see Inhibition, Summation, 
and After-discharge as the natural and inevitable consequences of 
that one conduction process working under conditions of varying 
complexity?” (11, p. 2.) 

The scope of this idea is large. A reduction of the elements of neural 
activity underlying consciousness and behavior to the single basis of 
the nerve impulse, many of whose physical properties are now known, 
and whose true physical nature may come to be more fully understood 
in the future, would be a generalization comparable to the reduction of 
all the various chemical elements to their constitutent protons and 
electrons (cf. 17, p. 348). 

ELEMENTARY FUNCTIONS OF EXCITABLE TISSUE. Let us now sum- 
marize the salient points in the physiology of the excitable tissues 
as revealed by recent researches. These tissues may be excited 
by various classes of stimuli, mechanical, thermal, chemical and 
electrical; of these, electrical stimuli are unique in their ability to 
excite the tissues without in any way damaging them, and in the 
ease with which they may be regulated for quantitative study. When 
an electric current is passed through a portion of a nerve or 
muscle fiber a local change occurs which is limited to the vicinity of the 
region through which the current flows. If this local change does not 
attain a certain critical intensity it produces no remote effects what- 
ever; if it is made sufficiently intense, however, it will set up a distur- 
bance which is conducted away from the point of stimulation over the 
entire length of the fiber. A fundamental difference exists between the 
local change and the disturbance which is conducted away from the 
point of stimulation, a difference which was first elucidated by Adrian 
and Lucas in 1912 (18, p. 69). To the local change they gave the name 
“local excitatory process,’ to the resulting disturbance which sweeps 
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over the tissue, the name ‘“‘propagated disturbance,”’ each designation 
being the most non-committal possible, expressing the most essential 
features of each. The local excitatory process is distinct from the 
exciting current, and can be shown experimentally to persist for a time 
after this has ceased to flow, the rate of subsidence being characteristic 
for each tissue (19). Its intensity can be graded, depending on the 
strength and duration of the exciting current. The researches of 
Nernst, Lapique, Lucas and Hill (20), (21), (22), (23), (24), (7), (25) all 
point to the view that this local excitatory process consists in a concen- 
tration of ions at some point in the tissue. The propagated disturbance 
which results only when the local excitatory process reaches a certain 
intensity, sweeps over the tissue, leaving it refractory to further stimu- 
lation for a brief interval of time. Normally it obeys the ‘‘all-or- 
nothing”’ law (9), (10), (26); that is, it cannot be varied in intensity by 
any variation in the strength of stimulus. The propagated disturbance 
has been known classically in the case of nerve as the ‘‘nerve impulse,” 
in the case of muscle as the “‘wave of excitation.”’ It is essentially the 
same sort of disturbance in both tissues, and the single non-committal 
designation of Lucas is perhaps the best name by which to recognize 
it wherever it occurs. Following the absolute refractory phase, there 
is a period of recovery, the relative refractory phase, during which the 
threshold of excitation is abnormally high, and the size of response 
which can be evoked is subnormal, both returning gradually to normal. 
The size of response which can be evoked at different stages during the 
recovery process may be measured in the case of nerve by either of two 
criteria, 1, the size of the electric response; 2, the distance the distur- 
bance can travel without extinction through a narcotized region where 
conduction occurs with a “decrement” (18, p. 95). If the fluid in which 
the tissue is immersed is slightly acid there is, following the relative 
refractory phase, an apparently supernormal phase of recovery. During 
this supernormal phase the excitability and the magnitude of response 
both become slightly greater than their final resting values (18, pp. 
111-114), (27). Adrian has shown (28) that neither the excitability nor 
the size of response becomes greater than would be found if the same 
tissue were in neutral fluid. The supernormality is only relative, due 
to the fact that in an acid medium the final resting stage is subnormal 
when compared with the condition of the tissue at neutrality. 
Perhaps the most important feature of the conception of the nerve 
impulse which has come from these researches is the fact that the energy 
of propagation of the disturbance comes not from the stimulus, but from 
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the fiber itself. It has been likened (11, p. 23) to the burning of a train 
of gunpowder, in contrast with the transmission of a sound wave whose 
energy comes entirely from its initiating source. This fact, now well 
established, should put an end to all efforts to explain the nerve impulse 
simply as a transient current of electricity conducted along the fiber on 
on the same principle as in an insulated wire; the dynamics of the two 
modes of conduction are fundamentally different. 

The most striking item of evidence that the source of energy is the 
nerve fiber itself was Adrian’s experiment with the interrupted areas of 
narcosis (9). It was known that a nerve impulse passing through a 
narcotized region is not extinguished at once, but by a gradual process 
of decrement. Adrian showed that if the impulse is in this way almost 
extinguished and then allowed to emerge into a normal region beyond, 
it recovers at once to its full magnitude. This observation will have an 
obvious and most important bearing on the physiology of nerve centers, 
if, as has been suggested, these include regions where conduction occurs 
with a decrement. 

An important exception to the all-or-nothing principle of response in 
nerve has been shown to occur when the stimulus is applied in a nar- 
cotized region which is conducting with a marked degree of decrement 
(29), (30). Here acertain measure of gradation in the size of response 
may result from gradation of the strength of stimulus. 

One of the most interesting and important features of the functional 
response in the excitable tissues is the electric response, or action cur- 
rent. This is well known to occur in nerve, skeletal and cardiac muscle 
and in glandular tissue. It consists of a wave of lowered electrical 
potential (with respect to inactive portions of the tissue) which sweeps 
along the excited fiber, marking the progress of the propagated dis- 
turbance. Aside from its theoretical interest, it serves as a convenient 
indicator of function in these tissues, especially in the case of nervous 
tissue, in which it is the only direct and well-defined objective evidence 
of activity; it is thus most useful in the study of the nervous system. 

The most probable explanation of the various manifestations and’ 
attributes of the functional response in excitable tissues is the mem- 
brane theory as formulated for the nerve impulse by Briinings (31). 
This theory holds that the essential element in the structure of the fiber 
is a semi-permeable membrane surrounding it, which, because it is less 
permeable to some ions than to others, becomes polarized, i.e., estab- 
lishes a difference of potential between the inside and the outside of the 
fiber; and that the nerve impulse consists in a transient breaking down 
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of this polarization through increase in permeability. An electrical 
response, such as that just described, would inevitably result froma 
progressive transient break-down of polarization, and Lillie hasoffered 
good reasons for supposing that the action current thus produced is the 
actual mechanism whereby the disturbance is propagated along the 
fiber (32). He has shown (33), (34) how an iron wire with a film of 
oxide on its surface, immersed in nitric acid, furnishes in its behavior 
a striking counterpart of the nerve impulse in several respects. The 
analogy must not, however, be followed too far, for whereas the nerve 
fiber during its relative refractory phase responds with a subnormal 
impulse, this is conducted without decrement along the fiber (11, p. 39), 
but the “iron model” when stimulated during its relative refractory 
phase conducts with a decrement similar to that induced in a nerve by 
narcosis. This difference probably marks a point of fundamental 
divergence between the two systems. For a more detailed considera- 
tion of the membrane theory reference should be had to Lillie’s review 
in this journal (35) and to a paper by Troland (17) in which there is a 
suggestive discussion of some theoretical aspects of the membrane 
theory, but in which the discrimination between fact and speculation is 
not as clearly emphasized as would be desirable. 

As indicated above, certain of the most fundamental properties of the 
excitable response have been found to be essentially the same in nerve, 
skeletal and cardiac muscle and the junctional tissue of the nerve- 
muscle preparation. The established facts in this connection should be 
more explicitly enumerated. The relation between the strength and 
duration of an electric current just sufficing to excite the tissues was 
worked out by Lucas with a high degree of quantitative refinement (5). 
The duration of the current beyond which further prolongation ceases 
to reduce further the strength required to excite, is taken as the measure 
of the rate of subsidence of the local excitatory process. Lucas found 
(7, p. 245) that under like conditions this duration for vermaued tissues 
in the frog was as follows: 


Seconds 
Neuro-muscular junctional tissue (8-substance)................. 0.0009 


In spite of the large quantitative differences, the shapes of the curves 
relating minimal current strength to duration are practically the same 
for all these tissues. For the sake of more accurate comparisons of 
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excitation time in different tissues, Lapique (36) has introduced a con- 
stant which he calls ‘‘chronaxie,’’ the duration of a constant current 
just sufficing to excite if it has double the strength of the threshold 
current of unlimited duration. 

The all-or-nothing law of response is classical in the case of the heart; 
it is virtually established for the individual skeletal muscle fiber by the 
work of Lucas (6) and the later work of Pratt (37); it is well established 
for nerve by Adrian’s experiments (10). The refractory phase, which 
is an inseparable concomitant of the all-or-nothing type of response, 
has been measured in the case of cardiac and skeletal muscle and in nerve 
(38), (39), (40), (41), and the recovery follows the same sort of course 
in each case; the duration of the refractory phase differs quantitatively 
in these three tissues in a manner closely proportional to the differences 
between excitation times given above. The electric response occurs in 
the same three tissues, having much the same form in all; furthermore, 
its total duration, rate of increase to maximum and rate of decline bear 
nearly the same relation in the three tissues as do their refractory phases 
(42) and excitation times (chronaxies). 

Thus far the evidence points strongly to a community of functional 
propensity in these tissues, the greatest difference between them being 
one of time relations. So far as I am aware there has been no proof of 
all-or-nothing response, refractory phase or action current in the neuro- 
muscular junctional tissue, and I believe that such proof would be dif- 
ficult to obtain.! Butif we may argue from analogy, we may be justified 
in supposing it probable that since it resembles the other tissues in its 
excitatory properties, it also resembles them in the charaeter of its 
response, and furthermore, that the duration of its response and re- 
fractory phase may be approximately three times as brief as those of 
motor nerve. This must be recognized as conjecture, but it may prove 
to have an important bearing on the physiology of the reflex are, as will 
be indicated later. 

It is a familiar fact in physiology that whereas both muscle fibers 
and neuro-muscular junctions are demonstrably subject to fatigue, 
nerve fibers respond to repeated stimulation for a long time without 
suffering in this respect (43). On the other hand, it is known that in 
absence of oxygen a nerve will cease to function sooner if stimulated 
than if at rest (11, p. 100). It is possible, therefore, that the difference 
is one rather of degree than of kind. In emphasizing the common 


1 Bazett’s observations (41) appeared to indicate a very brief refractory phese 
in the junction, but, as he suggested, they may be open to another interpretation. 


x 


| 


370 ALEXANDER FORBES 


character of the functional response in all these tissues, there is no intent 
to belittle the importance of contraction in muscle, an attribute of its 
response which is absent in nerve. There is no doubt that a wholly 
new functional capacity is added here, and that it constitutes the mus- 
cle’s chief function. But this does not alter the fact that in the evolu- 
tion of function in these tissues there is a fundamental propensity 
common to all 

An important bearing of all this on the physiology of the nervous 
system as a whole is that in peripheral nerves, at least, nervous energy 
should not be pictured as flowing in steady streams, but in nerve im- 
pulses, each of which is a distinct event. The impulse is transient; it 
passes on, the tissue is then refractory, and for the next impulse must 
be excited anew. This conception is established for peripheral nerves; 
it is most unlikely that it should be otherwise with the medullated fibers 
in the great tracts within the brain and cord, for morphologically they 
differ little from the peripheral fibers. Should it be found to apply to 
all parts of the central conducting path the influence of this conception 
upon our views of the working of the brain and spinal cord would be 
profound. Perhaps then, the most significant course of inquiry before 
us is this: does the type of response portrayed by investigations on the 
nerve trunk constitute the basis of activity throughout the nervous 
system? Does every neural disturbance sweep over the conducting 
paths open to it, leaving them refractory, so that sustained activity 
must be intermittent? Or is there something at the synapse which can 
pass into a sustained state of activity uninterrupted by refractory phase, 
and capable perhaps of gradation? 

APPLICATION TO REFLEX PHENOMENA. We may now consider the 
salient differences between conduction in the reflex are and in the nerve 
trunk enumerated above, in the light of the modern concept of the func- 
tional response in nerve, and endeavor to see how far we may go, in the 
present state of our knowledge, along the way indicated by Lucas; that 
is, the interpretation of reflex phenomena in terms of the principles of 
conduction as we know it in peripheral tissues. 

Conduction time. The first point to consider is the slower speed of 
conduction in the reflex arc, as judged by latency of response. The 


_ experiments of Jolly (44) and those of Forbes and Gregg (45) agree in 


indicating that in the flexion reflex evoked by a single shock, the time 
consumed within the cord is about 4 ¢. In the case of the knee jerk 
Jolly found the time to be shorter than this, but in every reflex the rate 
of conduction, judging from the total distance traversed within the 
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cord, is much slower than in the peripheral nerve trunk. This delay 
has its counterpart in the junctional delay in the nerve-muscle prepara- 
tion. That delay occurs here is a well-known fact (11, p. 66), and if we 
regard the synapse as a similar junctional tissue, delay in the reflex arc 
implies no functional property not present in the peripheral conducting 
path, or at all incompatible with the fundamental principles of this type 
of response in general. The very much greater delay in the reflex re- 
sponse to weak stimuli, described by Sherrington (2, p. 21), amounting, 
in the case of the scratch-reflex, to 2 to 3 seconds, involves a different 
principle, for in these cases the response was only evoked by repeated 
stimulation. The problem thus becomes one of the summation of 
propagated disturbances and will be dealt with as such presently. 

After-discharge. The second point to consider is after-discharge. 
Sherrington (2, p. 77) has shown in the crossed extension reflex an after- 
discharge, following the cessation of stimuli, amounting to more than 
12 seconds. This is probably in part due to the secondary reflex 
effect originating in the proprioceptive impulses coming from the ex- 
tensor muscle itself, but its presence even in the ‘‘de-afferented” prep- 
aration (46, fig. 16) shows that the discharge of the motor neurones 
may continue for several seconds after all afferent impulses have ceased 
to enter the spinal cord. This phenomenon appears at first sight to 
be at variance with the principle of peripheral conduction in which the 
disturbance sweeps over the tissue leaving it refractory. There appears 
to be instead a condition of sustained activity. But when we consider 
that in the gray matter we are not dealing with isolated, unbranched 
paths, as in the nerve trunk, but with a complex system in which one 
afferent fiber is probably connected with many central neurones through 
extensive branching (1, section II) we see that this sustained activity 
need not involve any fundamentally different conception of function 
from that developed in the case of the peripheral tissues. We need 
only assume sufficiently elaborate and extensive paths including chains 
of neurones, each adding a considerable measure of synaptic delay, to 
account for any observed after-discharge without introducing a func- 
tional capacity in any way at variance with the all-or-nothing principle. 
The apparent indications of sustained activity, in which refractory 
phase plays no part, may thus be due merely to the complexity of the 
branching paths involved. 

Summation. The third difference between reflex and nerve-trunk 
conduction is summation. Superficially the reflex response to a series of 
stimuli when none occurs to a single stimulus, appears to be essentially 
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the same phenomenon as the familiar summation of inadequate stimuli 
in the fresh nerve-muscle preparation. That the two phenomena are 
fundamentally different was first shown by Adrian and Lucas in 1912 
(18), and the distinction is clearly set forth in Lucas’ monograph (11, p. 
54).. The point to bear in mind in this discussion is that whereas in the 
summation of inadequate stimuli the first stimulus produces only a 
local effect, no nerve impulse being set up, in reflex summation we are 
dealing with stimuli which are adequate as far as the afferent nerve is 
concerned ;—each suffices to set up a propagated disturbance (nerve 
impulse), but the single impulse fails to evoke a reflex response ;—a 
series of impulses is required. This form of summation is therefore des- 
ignated “summation of propagated disturbances.”’ 

Adrian and Lueas (18, p. 72) were able to produce this type of sum- 
mation in a fatigued nerve-muscle preparation, and to determine the 
conditions of the conducting path on which it depended. It only occurs 
when the nerve-muscle junction constitutes a region of decrement suffi- 
cient to block a single impulse. It further depends on the timing of 
the interval between impulses, so that the second shall occur during 
the “‘supernormal phase’’ of recovery following the relative refractory 
period. Adrian (28) has since shown that this supernormal phase 
only occurs when the tissue is in an acid medium, but this is a state 
which normally results in muscular tissue from activity, and therefore 
presumably accompanies fatigue at the neuro-muscular junction. 
Adrian and Lucas (18, p. 107) were able to produce in a motor nerve 
with alcohol vapor an artificial region of decrement, such that a single 
impulse failed to pass through it, but a second impulse coming in the 
supernormal phase of recovery, succeeded. Summation of propagated 
disturbances occurs, then, when there is a region of decrement sufficient 
to extinguish a single impulse and when a second impulse follows during 
the supernormal phase of recovery, this condition depending on acidity 
of the medium surrounding the tissue. 

Adrian and Lucas (18, p. 120) pointed out that summation in the re- 
flex arc is clearly a summation of propagated disturbances, and suggested 
that it might be explained on the same basis as the summation which 
they analyzed in the fatigued nerve-muscle preparation, the synapse 
taking the place of the neuro-muscular junction. They state that al- 
though the second impulse ‘‘may fail to find its way completely through 
the region of decrement it will have progressed further than the first 
and so have opened a longer stretch of the conducting tissue to the pos- 
sibility of supernormal recovery; consequently the third disturbance 
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will in its turn outrun the second” (18, p. 119). In this way they ex- 
plain the fact that in some reflex arcs a series of more than two stimuli 
is required to evoke a response. 

Adrian (28, p. 29) has further drawn attention to the fatigability of 
the reflex arc and its dependence on oxygen as indications that acidity 
may be a common, if not a constant condition in the neighborhood of 
the synapse, and that such acidity as occurs there in normal life may 
suffice to account for both regions of decrement and the supernormal 
phase of recovery, the two conditions (besides the timing of impulses) 
requisite for summation. 

From this discussion we may conclude that as far as we can see at 
present, not only does summation as observed in the reflex are call for 
no functional propensity differing essentially from those of the nerve- 
muscle preparation, but that the conditions of variation in the neuro- 
muscular mechanism which enable it to manifest summation of prop- 
agated disturbances are such as are altogether likely to exist in the 
central mechanism as well. 

Irreversibility. The fourth point to consider is the valve-like action 
of the synapse whereby impulses can pass from afferent to internuncial 
or motor neurones, but not in the reverse direction. Sherrington 
(2, p. 17) suggested that this property might be the result of disconti- 
nuity of the protoplasmic path; that the ‘‘synaptic membrane,” sup- 
posed to be interposed between neurones, might be permeable eee in 
one direction to certain ions. 

Another suggestion is that of Lillie (82, p. 424), based on his conten- 
tion that the action current is in itself the essential cause of propagation 
of the nerve impulse. He suggests that irreversibility depends on the 
relation between the duration of the action current at one point in the 


conducting path and the chronaxie of the next point, which must be 


excited by that action current in order that the disturbance may go on. 
Let us examine the possibility of applying this idea to the synapse. 
We may assume, for example, that the time relations of excitation and 
response in the dendrites which conduct impulses from the synapse to 
the axon of the next neurone, are much briefer than those of the end 
branches through which the impulses approach the synapse. In order 
that conduction should be irreversible, it is only necessary that the 
action current in the end branch should last long enough to excite the 
dendrite, but that the action current of the dendrite should be too brief 
to excite the branches of the afferent neurone, because of their longer 
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chronaxie.? This is, of course, speculative, but it is not at all beyond 
the realms of possibility, and no new functional propensity would be 
involved in such a mechanism. It should be noted, incidentally, that 


this conception does not require any transverse synaptic membrane. 


Fatigue. The next point is the contrast between the great suscepti- 
bility of the reflex arc to fatigue (2, p. 218) and the indefatigability of 
the nerve trunk. A nerve trunk stimulated 40 or 50 times a second will 
continue to conduct impulses at this frequency for hours (43), (47). In 
contrast with this, fatigue in the reflex are may be readily demonstrated 
(48). 

In the spinal cat with proper controls for electrode polarization the 
flexion reflex may show marked fatigue in a half-minute or so. That 
the fatigue is central is proved by the fact that immediately after failure 
of reflex response stimulation of the motor nerve will evoke a full-sized 
contraction of the muscle. 

Sherrington (2, p. 218) and Lee and Everingham (49) have shown that 
such reflex fatigue does not involve the motor neurone as a whole, but 
only the particular channel of approach to it which has been employed. 
Under Sherrington’s direction I found (48) that fatigue of the flexion 
reflex as evoked through the popliteal nerve usually did not impair the 
response evoked immediately afterwards through the peroneal nerve, 
and vice versa. Indeed, the test reflex evoked through one nerve was 
usually even more vigorous after fatigue of the reflex are through the 
other nerve than before, although when the fatiguing stimuli were above 
a certain strength the subsequent test reflex showed slight impairment. 
Sherrington concluded from evidence of this sort that the seat of 
fatigue is in the particular synapse whereby the motor neurone is 
excited (2, p. 218). 

It is well known that in the nerve-muscle preparation the neuro-mus- 
cular junction is more subject to fatigue than the muscle fibers. 
When fatigue is established at this point there is, as we have already 
seen in connection with the phenomena of summation, conduction 
with a decrement. Reasons were mentioned in connection with sum- 
mation for supposing that in this fatigued condition there is a consider- 
able degree of acidity developed in the tissue. Thus, in the case of the 
nerve-muscle preparation, as well as in the reflex arc, we have reason 
to suppose that fatigue occurs chiefly in the junctional tissue. In the 


2 Marui’s observation (4) that neuro-fibrils may enter a cell body elsewhere 
than through the dendrites might call for a revision of this scheme, but would 
not prevent its development in another form. 
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neuro-muscular junction this fatigue is associated with decrement. 
Both in connection with summation and, as we shall presently see, in 
connection with inhibition it has been plausibly argued that an impor- 
tant property of the synapse is conduction with a decrement. If this 
be so it emphasizes one more point of similarity between the reflex arc 
and the nerve-muscle preparation (cf. 50), and it will be altogether 
reasonable to suppose that fatigue acts by increasing the decrement in 
the synapse as it does in the neuro-muscular junction. Closely asso- 
ciated with the degree of fatigue and the resulting degree of decrement in 
the synapse, we may expect to find the degree of acidity an important 
factor in the operation of the reflex arc underevarious conditions of 
stress and fatigue. 

In this connection, Stiles (51) has drawn attention to the suggestive 
fact that the finer branches of the neurones in the synaptic region ex- 
hibit great attenuation of the conducting substance, and that therefore 
we should expect any material required for the transmission of the 
impulse to be more rapidly exhausted here than in the larger fibers. 
He further remarks, ‘‘On the other hand, it should be speedily repaired 
because it has most extensive surface relations with the surrounding 
fluids.” 

The influence of the strength of afferent stimulation in determining 
its effect on subsequent reflexes, referred to above, presents a puzzling 
problem. The observations were as follows: 

A decerebrate cat was so arranged that an extensor muscle could be 
reflexly inhibited through either popliteal or peroneal nerve andexcited 
through the opposite sciatic nerve. In most cases inhibition by a series 
of stimuli lasting 45 seconds applied to the popliteal nervgwas found to 
augment both crossed extension and its reflex inhibition through the 
peroneal nerve if the prolonged stimulation was below a certain critical 
strength, but if above this strength, the prolonged stimulation was 
followed by depression of both excitatory and inhibitory reflexes. The 
graphic record of such an experiment is shown in figure 1 (48, fig. 14). 
It may be significant that the critical strength of the stimuli at which 
this change occurred in the effect on subsequent activity was in two out 
of three of the animals approximately the same as has since been found 
just sufficient to excite all the fibers in such a nerve trunk, as judged by 
the magnitude of the action currents. It is conceivable that for some 
reason which at present is not clear, prolonged excitation of all the 
afferent fibers in a nerve produces a generalized synaptic fatigue in- 
fluencing all the synapses in the center whereby both excitatory and 
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inhibitory effects are evoked, including those only approached through 
another allied nerve trunk, whereas if a considerable number of afferent 
fibers are not stimulated the fatigue is limited to synapses involved by 
those fibers that are stimulated. On the other hand, it should be noted 
that the approximation between the strength of stimulus which is 
maximal for the nerve, and that which is critical as to the central after- 
effect, is a very rough one at best and may be a mere coincidence. It 
may be that the whole effect is one of acidity; that a very slight degree 
of acidity in some way increases the efficiency of conduction, but greater 
acidity increases the decrement. A few impulses traversing the synap- 


Fig. 1. Vasto-crureus muscle. Ascent of myograph line shows contraction. 
Rise in upper signal line shows excitatory stimulus (crossed sciatic nerve). Fall 
in lower signal line shows inhibitory stimulus, marked P when applied to peroneal 
nerve, P; when applied to popliteal nerve. Time below in seconds. Popliteal 
stimulation ladéed 45 seconds in each case, drum was stopped to save space while 
stimulation was in progress. In A, break shocks to popliteal, 41 Z units; in B, 
46 Z units. 


ses might produce a fatiguing degree of acidity only in their immediate 
vicinity, thus limiting fatigue to themselves, and facilitating conduction 
in other adjacent synapses. Activity in a muth larger number of 
synapses, especially if prolonged, might develop enough acid to cause 
a generalized fatigue of all the synapses in the vicinity. The recent 
observations of Marui (52) on central fatigue show somewhat general- 
ized changes suggestive of catabolism, and in no way incompatible with 
the conception suggested above. 

Variability of threshold. The next point to consider is the greater 
variability of threshold in the case of the reflex arc than that found in the 
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isolated nerve trunk. The assumptions as to the degree of variability 
of threshold in the case of a nerve trunk are generally based on the 
threshold of the motor nerve as judged by contraction in the innervated 
muscle. The motor nerve threshold thus determined appears to be far 
less subject to variation than the so-called threshold of the reflex are, 
when stimuli are applied to an afferent nerve. This brings us to one of 
those points in the traditional physiology of the central nervous system 
most in need of a searching revision in terms of modern knowledge, and 
at the same time one of those points in which it is most difficult to see 
just how the modern conception of the nerve impulse can be reconciled 
with the empirical facts concerning the central structures. Histologi- 
cally the afferent nerve fibers do not differ appreciably from motor 
nerve fibers. Furthermore, it has recently been shown (30) that most 
if not all of the fibers of a pure sensory nerve in a mammal obey the 
all-or-nothing law just as do the fibers of the frog’s motor nerve. If 
the stimulus is applied to an afferent nerve trunk how can the threshold 
of the reflex be other than the threshold of the nerve? If by reflex 
threshold we mean the threshold of the afferent nerve, why should this 
show any essential difference, such as greater variability, from the 
threshold of the motor nerve? It is an empirical fact that the reflex 
threshold does show this greater variability, and it is difficult at first 
sight to see how the difference may be explained. The problem is pre- 
sented most clearly by the experiments of Lutz (53). He showed that 
in the frog, with electrodes applied to an afferent nerve, the average 
threshold for the flexion reflex was twice as high as for the muscular 
response with electrodes stimilarly applied to the motor nerve. He 
further found (54) that when the animal was cooled the threshold for 
the reflex rose nine times as much per degree centigrade as did the thres- 
hold of the nerve-muscle preparation. Since he used single shocks of 
threshold strength, his experiment did not introduce the same oppor- 
tunity for confusion through summation of propagated disturbances, 
which enters when repeated stimuli are used. An important conclu- . 
sion is therefore indicated by his results. If each afferent fiber were 
connected with a single motor neurone, the pair thus constituting a 
single isolated reflex arc, it should make no difference in the motor 
response of that arc how strong a stimulus was used provided it sufficed 
to excite the afferent fiber. The threshold for the reflex would be 
simply the threshold for the afferent fiber. In a previous communicta- 
tion (55, p. 285) it was shown that to account for the great variability 
of reflex threshold compared with that of the nerve trunk, on any basis 
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assuming isolated reflex paths, would involve a series of coincidences 
too improbable to be worth considering. Moreover the branched ar- 
rangement of the afferent fibers in the gray matter suggests that each 
one may be connected with many motor neurones, and vice versa. It 
is therefore misleading to picture a single afferent neurone connected 
with a single motor neurone as typifying the structure of the reflex are; 
we should instead consider the nerve center as a place of convergence 
and intermingling of many separate paths (1, p. 93). This viewis 
supported by the physiological evidence cited above in connection with 
synaptic fatigue. The inference is that the convergence of impulsesin 
many afferent fibers in some way produced a different effect in the 
motor neurones from that produced by a few. The reflex threshold 
would then depend on the number of afferent fibers excited, and would 
no longer be identical with the threshold of the most excitable fiber 
among them. In this way we could readily account for great varia- 
tions in reflex threshold through agencies which cause little change in 
the threshold of the afferent fibers. 

How can this inferred influence of the number of converging impulses 
in the nerve center be made to harmonize with our conception of the 
nerve impulse? It appears to suggest a gradation of central activity 
incompatible with the all-or-nothing principle. Are we to suppose that 
at the synapse there is a different sort of activity from the nerve impulse, 
graded in intensity according to the number of afferent impulses pro- 
ducing it, its ability to excite the motor neurone depending on the in- 
tensity to which it is raised? Or are we to look on the synapse as a 
portion of the conducting path with the same fundamental properties 
as the nerve fiber, but with different time relations, and perhaps nor- 
mally conducting with a decrement? Decremental conduction in it- 
self provides the possibility of gradation of intensity in the individual 
impulse, as has already been mentioned in an earlier section. Yet even 
without this sort of gradation we may find a basis for explaining the 


. effect of convergence of impulses at a common point in terms of the time 


relations of the common portion of the path. Forbes and Gregg (56, 
p. 221) found reasons which will be discussed presently for supposing 
that some part of the central conducting path has a briefer refractory 
period than the afferent fibers. A portion of the synaptic region, with 
a very brief refractory phase, common to all the afferent paths involved, 
would account for the effect on the basis of summation as outlined above; 
for even the synchronous volley of impulses set up in the afferent nerve 
by a single shock might arrive at the common path at slightly different 
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times, and it would then only be necessary that the refractory phase 
should be brief enough for some impulses to arrive in the supernormal 
phase of recovery in order that they might in combination break through 
a synaptic resistance where without such combination they would be 
extinguished. 

We may conclude that the great variability of the apparent threshold 
of stimulation in evoking reflex response points strongly to the central 
intermingling or convergence of conducting paths (evidenced histologi- 
cally in the branching of fibers) as an essential feature in the interpreta- 
tion of experimental results. We may further conclude that though 
these experiments offer difficulties in the way of picturing central activ- 
ity in terms of the properties of functional response known in pe- 
ripheral tissues, these difficulties may not be insuperable, possible ways 
of surmounting them being offered both by the character of decremental 
conduction and by great brevity of refractory phase somewhere in the 
central part of the path. 

Mutual relations between allied and antagonistic reflex arcs. Sherring- 
ton (2, p. 175) has pointed out several instances of reinforcement of the 
activity of one reflex arc by stimulation of an allied arc. For example, 
flexion of a hind limb is evoked in the spinal mammal either by afferent 
stimulation of the limb itself or by similar stimulation of the forelimb 
on the opposite side; combined stimulation of both limbs evokes the 
response more easily than either stimulus alone. There are several 
other instances of this sort of reinforcement sometimes referred to as 
“Bahnung.” This phenomenon appears to fall readily into the cate- 
gory of effects just discussed under variation of reflex threshold. If 
those effects can be explained by convergence of individual afferent 
paths, so can reinforcement. In this connection may be mentioned 
Camis’ observation (57) that the contraction in the flexion reflex was 
greater if evoked by simultaneous stimulation of both popliteal and 
peroneal nerves than could be evoked by stimulating either one alone. 
This might be ascribed to the connection of the afferent fibers of the two 
nerves with different motor neurones; but against this view are the facts 
mentioned in connection with reflex fatigue. The modification (in- 
crease or decrease according to strength of stimulus) of subsequent 
reflex response to stimulation of one nerve following prolonged stimula- 
tion of an allied nerve suggests that both sets of afferent paths are 
connected centrally with the same motor neurones. 

We may conclude that central reinforcement is merely additional 
evidence of convergence of conducting paths from various sources at 
common points in the nervous system. 
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A different relation between reflex ares which is the exact opposite 
to reinforcement in effect, is reflex inhibition. This is one of the most 
striking and puzzling of all the phenomena in the physiology of the 
nervous system. It plays an important part in the ‘‘reciprocal innerva- 
tion. of antagonistic muscles’ of which Sherrington has made such an 
extensive study (2, p. 83), (58), (59), (82), (60), (61), (62), (63). The 
elementary facts of reciprocal innervation in the limb reflexes are as 
follows: The normal dominant reflex responses to stimulation of an 
afferent nerve in a hind limb are the flexion reflex and the crossed ex- 
tension reflex; the flexion reflex consists in reflex excitation of the 
flexor muscles and inhibition of the extensor muscles in the same limb 
as the stimulated nerve; the crossed extension reflex consists in reflex 
excitation of the extensors and inhibition of the flexors in the opposite 
hind limb. Under certain conditions some of these responses may be 
replaced by their exact opposites; this may be termed reversal. Several 
interesting types of reversal have been described; these will be con- 
sidered later. 

Reflex inhibition in its most striking form may best be exhibited in a 
decerebrate mammal in which all muscles acting on the knee joint ex- 
cept the extensor (vasto crureus) are paralyzed by section of their motor 
nerves. The animal is placed on its back with the femur clamped in 
vertical position so that the weight of the foot tends to flex the knee. 
Contraction of the extensor is then shown by the rise of the foot into an 
extended position, relaxation by its fall. The decerebrate animal will 
usually exhibit the sustained ‘“‘tonic’’ contraction of the extensor mus- 
cles known as decerebrate rigidity; thus the knee will be held in an ex- 
tended position. Failing this, the extensor can be reflexly excited by 
stimulation of the opposite hind leg (‘‘crossed extension reflex’’). In 
either case, if, while the knee is extended, a strong stimulus is applied 
to an afferent nerve in the leg under observation, the extensor muscle 
relaxes, allowing the foot to fall abruptly. This relaxation is part of 
the flexion reflex which, as Sherrington has pointed out (2, p. 229), is 
the obvious, defensive reaction whereby an animal in normal life with- 
draws its foot from a thorn or other object which causes injury. It was 
once supposed that this inhibition might be effected by nerve impulses 
going to the muscle by way of special inhibitory fibers in the motor 
nerve. It has long been established (2, p. 100), (64) that this is not the 
case; that the seat of inhibition is central, and that the condition for 
relaxation of the muscle is the cessation of impulses in its motor nerve. 

How are we to interpret this striking phenomenon of reflex inhibition 
in terms of the fundamental properties of the nerve impulse? We 
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stimulate an afferent nerve and thereby cause impulses to travel to the 
spinal cord, but by some strange process in the nerve center this activity 
is transformed into absence of activity in the motor neurones subject 
to inhibition. 

In 1885 Wedensky (65) described a phenomenon in the nerve-muscle 
preparation, bearing at least a superficial resemblance to reflex inhibi- 
tion, and in 1911 Lucas, in a brilliant series of experiments, established 
the true nature of the Wedensky effect (66). Lucas further indicated 
a possible way in which the principle involved might conceivably apply 
to reflex inhibition. Much has been written about these points in the 
literature (26, p. 11), (12), (55), and they are so important that it is 
worth while to review them here. 

The Wedensky effect in the nerve-muscle preparation is as follows: 
If the preparation is moderately fatigued by stimulation through the 
motor nerve a stage is reached in which a series of stimuli of proper 
strength and frequency applied to the nerve evokes only aninitial twitch 
in the muscle followed by its complete relaxation. While these stimuli 
are being applied, additional stimulation of the nerve nearer the muscle 
fails to make it contract. If the frequency of the stimuli is decreased 
to a certain point, it will render them effective in establishing tetanic 
contraction. 

Lucas showed (66), (cf. also (26)) that the explanation of the pheno- 
menon was simply this: The relaxation or ‘inhibition’? only occurs 
when the neuro-muscular junction is in such a condition (fatigue) that 
it conducts with a decrement. The frequency of stimulation must be 
such that each stimulus after the first excites the nerve during its relative 
refractory phase following the preceding impulse, and therefore evokes 
a subnormal response. The first impulse of the series, being full-sized, 
is able to pass through the junctional tissue in spite of the decrement, 
and therefore evokes the initial twitch observed in the muscle, but the 
subnormal impulses following the first are all extinguished. Clearly, 
if the frequency of the impulses is reduced till the nerve is allowed to 
recover fully from its refractory phase each time, these impulses will 
no longer be subnormal: they will all be abie to pass through the fa- 
tigued junction, and tetanic contraction of the muscle will result. This 
explains why there is a critical frequency of stimulation above which the 
Wedensky “‘inhibition’’ occurs, and below which it is replaced by con- 
traction. 

Wedensky suggested that this effect which he described might em- 
body the principle involved in reflex inhibition. Lucas pointed out 
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- (11, p. 93) that we have good reasons for supposing regions of decre- 
ment to exist normally in the junctional areas of the central nervous 
system, and that the only other condition necessary to establish central 
inhibition on the same basis as in the fatigued nerve-muscle preparation, 
is that the fibers leading to the region of decrement should transmit 
impulses with such frequency that each is subnormal, and therefore 
unable to pass. ‘A neurone so occupied would certainly be a complete 
block in the path of any impulses which might attempt to traverse it’’ 
(66, p. 88). 

Many complications arise when we try to make this conception of 
reflex inhibition fit all the facts which have come to light in the study 
of the spinal reflexes (55). We shall consider these complications pres- 
ently, but for the moment we may conclude the question of inhibition 
with the observation that the nerve-muscle preparation has functional 
properties which apparently provide a conceivable basis for explaining 
reflex inhibition, and that this phenomenon therefore does not neces- 
sarily imply any wholly new propensity not existing in the peripheral 
excitable tissues. 

Under the same general heading as reinforcement and inhibition, 
Sherrington (2, p. 14) mentioned refractory phase and ‘‘shock”’ as oc- 
curring in reflex ares in degrees unknown for nerve trunks. His argu- 
ment for refractory phase in the reflex are was based chiefly on the 
scratch reflex, a characteristically rhythmic series of contractions with 
a frequency of four or five a second in the cat, evoked by stimulation of 
of the skin (2, p. 45). He showed that an addition to the initial stimu- 
lus which started the reflex failed to interrupt the established rhythm, 
no matter when it was applied. That is, when the flexor muscle was in 
its relaxation phase no skin stimulus could make it contract until the 
contraction time arrived according to the established rhythm. More 
recently Sherrington and Sowton (67) have examined the refractory 
phase of the flexion reflex and found that it amounts apparently to 
only 0.7 o. Their method was to send two stimuli into the afferent 
nerve at various time intervals and find the least interval at which the 
second stimulus was able to augment the contraction resulting from the 
first. Clearly a second stimulus falling in the refractory phase of the 
afferent nerve would fail to set up any second impulse, and would fail 
to augment the reflex response. It is therefore impossible by this 
method to measure a reflex refractory phase briefer than that of the 
afferent fibers. In some recent experiments I have measured the least 
interval between two stimuli at which the second would evoke a separate 
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response in a mammalian nerve slightly below normal body temperature, 
using the action current as evidence, and found it to be approximately 
0.7¢. For this reason it is probable that in the experiments of Sherring- 
ton and Sowton the limit to the interval was set by the refractory phase 
of the afferent nerve, and that the refractory phase of the reflex are 
was certainly no longer than that of the nerve, and possibly shorter. 
I have mentioned in connection with reflex threshold that reasons exist 
for supposing some part of the reflex are to have a briefer refractory 
phase than the peripheral nerve fiber. The observations of Sherrington 
and Sowton are altogether in accord with this view. 

The long refractory phase for which Sherrington argues in the case 
of the scratch reflex, introduces a somewhat different problem. In the 
first place it involves a wholly different conducting path from the flexion 
reflex, probably far more complex, and including more internuncial 
neurones. But more important is the fact that the scratch reflex con- 
sists of alternate flexion and extension, and therefore introduces the 
important factor of inhibition playing its part in the reciprocal relation 
between the opposed muscle groups. The failure of the flexor muscle 
to respond to additional skin stimuli during its relaxation phase prob- 
ably depends on the reflex inhibition of its motor neurones at the 
moment rather than on a true refractory phase of any part of the con- 
ducting path. 

The question of spinal shock is one upon which there is great disagree- 
ment among different authors. Originally Sherrington stated (2, p. 
241) that spinal transection was followed by depression of all reflexes 
in the regions posterior to the transection, including flexor and extensor 
reflexes, but that the flexion reflex suffered much less and recovered 
more quickly than the extensor reflexes (2, p. 248). More recently 
Sherrington and Sowton have reported (67) that the flexion reflex in 
response to single shocks is actually increased by spinal transection, its 
threshold being lower and the contraction with a given stimulus being 
greater. In some experiments soon to be published, we have found the 
increase in the flexion reflex produced by single shocks to occur immedi- 
ately after spinal transection. Sherrington originally mentioned the 
after-discharge as a feature of the flexion reflex which was especially 
impaired after spinal transection (2, p. 245). I have seen the flexion 
reflex in a decerebrate cat changed by low spinal transection from a 
small contraction with notable after-discharge to a brisk contraction 
with apparently no more after-discharge than appears in the twitch of 
an isolated muscle. Before transection, repeated stimuli caused cumu- 
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lative contraction in a way that they failed to do after transection. 
It is quite possible, therefore, that the earlier statement about the 
flexion reflex taking part in the general depression known as spinal 
_ shock was due to the fact that it was then customary to use repeated 
stimuli to evoke all reflexes, and that therefore the cumulative effect 
resulting from after-discharge before transection led to a larger total 
contraction with this kind of stimulation than was found when the 
cumulative effect was abolished by transection. There is no doubt that 
in this reflex in the mammal the response to single stimuli is increased 
by spinal transection. The so-called shock effect is in this case not a 
depression but a modification of the reflex response. It should be noted 
that in the case of the frog the familiar classroom experiment for dem- 
onstrating spinal shock consists in repeated stimuli applied to the 
skin, which is a very different matter from single shocks applied to a 
large nerve trunk. 

In the case of extensor reflexes there is no doubt that they are de- 
pressed by spinal transection. Sherrington has shown (2, p. 243) that 
this cannot be explained as a lasting inhibition due to irritation by 
trauma. He argues that it is due to the interruption of certain paths. 
Pike (68) has urged the view that normally the reflexes subject to shock 
involve conduction to the brain and back, and that the depression of 
the reflex is due to the interruption of this path; and further, that the 
recovery from shock depends on the gradual resumption of function by 
primitive spinal paths which in the course of phylogenetic development 
have been superseded by those involving the brain. 

This is a difficult matter to settle. But we may note that the muscles 
whose reflexes are depressed in “shock’”’ are those involved in decere- 
brate rigidity, a condition which Sherrington has shown to depend on 
impulses coming from the hind-brain. We may suppose that there is 
normally within the cord a connection between the afferent fibers from 
one hind limb and the extensor motor neurones of the opposite hind 
limb. The ease with which the crossed extension reflex can be evoked 
in the decerebrate animal as compared with the condition after spinal 
transection may depend simply on the same principle of convergence 
of paths which we found necessary to invoke to explain the variations 
of reflex threshold. On this view the recovery of this reflex from the 
depression of spinal ‘“‘shock’’ would depend on some sort of “‘canaliza- 
tion” whereby the local connections between afferent and motor neu- 
rones in the cord become better able to conduct, and thus less in need 
of reinforcement through the converging path of descending neurones 
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from the hind-brain. In short, we might modify Pike’s view to the 
extent of assuming in the intact nervous system a functioning connec- 
tion between the local afferent and motor neurones, but one with a 
decrement so great that the summation effect of impulses from the 
brain is required to overcome it, and further assuming in the gradual 
change known as recovery from shock, a decrease in the degree of dec- 
rement, enabling the same spinal connection to conduct even without 
this reinforcement. 

Dependence on blood supply and susceptibility to anesthetics. Reflex 
centers are strikingly dependent on blood supply as compared with 
peripheral nerves, or even muscles. Interruption of the blood supply 
to any part of the central nervous system in the mammal results in rapid 
loss of function. Inadequate respiration may cause profound derange- 
ment in the spinal centers. I have seen in a “‘pithed”’ cat (entire brain 
destroyed) to which the air supplied by artificial respiration was in- 
adequate, abolition of the crossed extension reflex following (and prob- 
ably because of) an asphyxial convulsion (46, p. 175). In contrast 
with this it is well known that a mammalian peripheral nerve trunk, 
dissected away from its scanty blood supply, will continue to respond 


to stimulation for a considerable time. In some experiments on the . 


conditions of survival of mammalian nerve trunks, soon to be published, 
I have found an approximately normal electric response in an excised 
cat’s nerve kept in cool Ringer’s solution, three days after removal from 
the animal. On the other hand, a nerve will not survive indefinitely 
without its blood supply, and it soon ceases to function when placed 
in an oxygen-free atmosphere. 

A concentration of ether in the blood sufficient to abolish all ordinary 
spinal reflexes does not prevent the stimulation of muscles through 
their motor nerves. It has been shown (69) that even if ether inhala- 
tion is pushed to the point of abolishing respiration and thus causing 
death, the peripheral nerves will still conduct impulses. On the other 
hand, ether vapor applied directly to a nerve trunk will soon abolish 
its ability to conduct impulses, the fibers being subjected to far greater 
concentration of ether than they are when it is brought from the lungs 
by the blood stream. 

Thus it appears that both in dependence on blood supply and oxygen 
and in susceptibility to anesthetics, the difference between the reflex 
arc and the nerve trunk is only one of degree. As in the case of fatigue 
we may possibly find the key to the difference in the consideration 
Stiles has brought out, the extreme attenuation of the fibers in synaptic 
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region and the consequent relatively large extent of surface presented 
to the surrounding fluids. Both Lillie (70) and Troland (17, p. 341) 
have mentioned evidence pointing to the view that narcotics such as 
ether act by changing the permeability of the membrane surrounding the 
fiber. This view harmonizes well with the suggestion that the extent 
of surface in proportion to volume is what determines the susceptibility 
of the synaptic region to narcotics. At all events these differences do 
not reveal in the center any functional propensity differing essentially 
from those already examined in the neuro-muscular mechanism. 

Gradation of reflex effect in relation to the strength of stimulus. Besides 
the differences between nerve trunk and reflex conduction already 
enumerated, Sherrington, in the Integrative Action of the Nervous System, 
mentioned the gradation of reflex response when the strength of stimu- 
lus is varied. Since that book was written before the all-or-nothing 
principle had been established, and since Sherrington’s recent experi- 
ments (13), (14), (15) on this subject overshadow in importance the 
evidence discussed in the book, I shall pass over the earlier discussion 
and consider the more recent contributions to the subject. Clearly the 
all-or-nothing principle must profoundly influence the consideration of 
the subject, and any discussion of the matter based on the older view of 
graded nerve impulses has little more than historical interest. 

Several researches (15), (81) have dealt with this question in the light 
of the all-or-nothing principle. The results of these researches have 
been analyzed and summarized in a recent paper (30), (cf. also (56)), 
in which the following general conclusions were reached: It is a striking 
fact that as the strength of afferent stimulation (even in the case of 
single shocks) is progressively increased, the magnitude of reflex response 
increases in a way that superficially appears to be incompatible with the 
all-or-nothing principle. Even after the stimuli have become so strong 
that the resulting action current in the afferent nerve has reached a 
limiting maximal value, indicating that all the fibers in the nerve have 
been excited, the continued increase in the strength of stimulus may 
result in further increase in the reflex response. The problem arises 
how increasing the stimulus after all the afferent fibers have been ex- 
cited can further increase the reflex response. If the size of mechanical 
contraction of the flexion reflex and the size of action current in the 
afferent nerve are both plotted against the strength of afferent stimulus, 
it is found that when the strength is reached at which the action current 
ceases to increase, the reflex response practically ceases to increase over 
a wide range of stimulation strengths; in short, the two curves are nearly 
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parallel. Any further increase in reflex response is usually found to be 
correlated with a compounding or doubling of response in the afferent 
nerve and electrical evidence of tetanic response in the muscle (30). 
The explanation seems to be that when the exciting current (even a 
single break shock) is strong enough it causes a local excitatory process 
of such intensity that it outlasts the refractory phase and is able to set 
up a second impulse in each fiber (56, p. 205). The conclusion is that 
the only possibility of gradation in the reflex response arises either in the 
number of afferent fibers excited or in the number of impulses set up in 
each afferent fiber, this latter factor entering even in the response to a 
single shock if this is strong enough. 

In Sherrington’s experiments on the flexion reflex (15) and in one 
of ours (30) there was evidence that even when the stimulus is not 
strong enough to set up more than a single volley of impulses in the affer- 
ent nerve, it may in some cases evoke in the center a disturbance which 
results in a repetitive discharge in the motor neurones. Sherrington 
(15, p. 256) considered this suggestive of a different class of disturbance 
in the center from the peripheral nerve impulse, a disturbance not sub- 
ject to the intermittent condition imposed by a refractory phase, but 
capable of being uniformly sustained. The considerations already 


mentioned in connection with after-discharge justify us in recognizing 


that this view is not the necessary consequence of the evidence. The 
apparent capacity for sustained activity may be due to the complexity 
of the conducting path. At each point in the system the disturbance 
may be intermittent, refractory phase following activity, and yet the 
individual disturbances in the various branches may so overlap in time 
as to render the sum total of activity continuous. 

In spite of the striking extent of gradation in the reflex response, there 
is nothing in all the evidence which is incompatible with the all-or- 
nothing law as regards the peripheral nerve impulse, nor is there any- 
thing which definitely excludes the same type of disturbance as the 
basis of central activity. 

The extension of the ideas resulting from the analysis of reflex grada- 
tion to the problem of sensation has been considered in a previous 
paper (56, p. 229). It was shown that neither in the auditory nor the 
optic nerve were there enough fibers to account for the known extent 
of pitch discrimination in hearing and visual acuity in sight, and the 
known gradations of intensity of sensation in both, on the assumption 
that gradation depends on the number of fibers excited. If the all-or- 
nothing law holds good in these nerve fibers we are forced to seek another 
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basis for sensory gradation. A possible basis was suggested by the 
evidence of compound or double stimulation in the peripheral nerves of 
the leg. An unlimited range of sensory gradation might be based on 
the frequency with which the impulses follow each other in the sensory 
fibers. Such a gradation of frequency is what would naturally result if 
the sensory receptor set up and maintained in the nerve endings a 
greater or less local excitatory process according to the intensity of 
stimulation, for a sustained local excitatory process, if intense, would 
cause the nerve fiber to respond early in the relative refractory period 
after each previous response, but if weak, it would allow the nerve 
fiber to recover each time till its threshold had nearly reached the nor- 
mal level. Thus strong stimulation would set up impulses of high 
frequency, weak stimulation impulses of low frequency, and between 
the beginning and the end of the relative refractory phase would be . 
found the range of intervals forming the basis for sensory discrimination 
of the intensity of peripheral stimulation (cf. 26, p. 386). 

Revision of the doctrine of graded synaptic resistance. One of the most 
direct applications of the principles outlined above to reflex phenomena 
lies in the modification of the concept of graded synaptic resistance 
(2, p. 155). The old idea was that some synapses presented more re- 
sistance to the passage of a nerve impulse than others and, therefore, 
required stronger peripheral stimulation to enable the impulses to pass 
through. It was further assumed that if a nerve impulse had to tra- 
verse two synapses, the resistances of these would becumulative. The 
first of these assumptions is obviously in need of radical revision, since 
it has been definitely shown that a strong stimulus produces no larger 
impulses in the individual conducting paths of the peripheral nerve 
trunk than a weak stimulus. The second assumption, that synaptic 
resistances are cumulative, is also untenable unless we make the im- 
probable assumption that the axones of the internuncial neurones within 
the nervous system normally conduct with a decrement through their 
entire course, and therefore differ profoundly from the morphologically 
similar axones in peripheral nerves. These points need to be empha- 
sized, for they are still to a considerable extent ignored in the recent 
literature. The recovery of the nerve impulse on emergence from a 
region of decrement into a normal region in the conducting path was 
clearly shown by Adrian ten years ago (9). The bearing of this fact 
on the doctrine of graded synaptic resistance was explicitly stated in 
1915 (56, p. 227), and yet in much more recent literature (71, p. 498) 
the doctrine is still assumed in its original form as stated above. As 
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Martin recently pointed out with admirable clearness (16, p. 408), the 
implication of cumulative synaptic resistance is out of harmony with 
the all-or-nothing principle, and in particular with the demonstrated 
fact of recovery of the nerve impulse on emergence from a region of 
decrement. For if a synapse acts as a region of decrement, it will 
either extinguish the nerve impulse or fail to do so. If the impulse is 
not extinguished, but passes into a region of normal nerve fiber beyond, 
it will regain its full magnitude and be as able to pass the next synapse 
as if it had never encountered the first one. It is, of course, conceivable 
though unlikely that all internuncial neurones within the central ner- 
vous system do conduct with a decrement. If this were so the resis- 
tances encountered in a chain of such neurones would be cumulative, 
but this essential condition for adherence to the unmodified doc- 
trine of synaptic resistance is not mentioned in those papers in which 
the doctrine is assumed. 

RELATIONS BETWEEN SPINAL REFLEXES: Experimental facts. The 
above survey covers the more general facts concerning reflex conduction, 
but there are several problems in the relations between the reflex centers 
controlling antagonistic muscles which call for more detailed considera- 
tion. I will first describe briefly the experimental facts, and then en- 
deavor to examine them with respect to their compatibility with the 
principles suggested by Lucas as a possible basis of reflex phenomena. 

Sherrington, in his early work (2, p. 117) on the reflex inhibition of 
extensor muscles by stimulation of afferent nerves in the same limb, 
was led to the conclusion that such inhibition was absolute, and could 
not in any way be overcome by stimulation tending to produce excita- 
tory effects in the extensor motor neurones. Later (59) he made the 
observation that if the strength of the stimuli applied to the afferent 
nerve in the opposite leg were chosen with sufficient care a partial in- 
hibition could be demonstrated; that is, combined stimulation produced 
a degree of muscular contraction intermediate between the full contrac- 
tion induced by crossed stimulation alone and the total relaxation in- 
duced by stimulation of the ipselateral nerve alone. This effect he 
called algebraic summation of excitation and inhibition. When such 
balancing or algebraic summation of central effects is produced, the 
partial contraction of the muscle is usually tremulous (72). 

The next point to be noted may be designated electrical reversal. 
The usual effect on the extensor center of stimulating an afferent nerve 
of the same leg is inhibition. Sherrington and Sowton (73) found that 
this was regularly produced by strong faradization, but that weak 
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faradization or, better still, stimulation with an alternating current of 
20 cycles a second from a rheonome, produced, instead of inhibition, 
excitation as shown by contraction in the extensor muscles. Tiede- 
mann (74) found in the frog under strychnine a similar change of cen- 
tral effect from excitation to inhibition on increasing the frequency of 
afferent stimulation. 

Another significant fact is the “‘post-inhibitory rebound.” Frequently 
in the decerebrate preparation exhibiting a moderate degree of tonic 
contraction (rigidity) in the extensor muscles their reflex inhibition for 
a few seconds is followed, on cessation of the stimulus, by a “rebound” 
contraction greater than the tonic contraction existing before the 
inhibition (75). 

Another point is narcosis reversal. Sherrington and Sowton showed 
that under certain conditions a stimulus which normally produced 
reflex excitation might be made to produce reflex inhibition of the same 
muscle under the influence of moderate chloroform anesthesia. Similar 
to this is the fact recently observed (55) that under light ether anesthesia 
the crossed extension reflex in the decerebrate animal became so modi- 
fied that during the application of the stimuli the extensor contraction 
was only partial, but when the stimuli ceased a marked increase in con- 
traction at once occurred, resembling the rebound described above. 

Another fact of great interest is the postural reversal which has been 
discussed by Sherrington (62, p. 299) and Magnus (76). In general this 
means the determination of the type of response to a given stimulus 
by the limb posture existing when the stimulus is applied. Sherrington 
has found that certain stimuli will cause flexion if the limb is already 
passively extended, and extension if it is flexed. Magnus has found 
that the cat’s tail when stimulated at the tip is reflexly drawn toward 
the median plane from whichever side it happens to be hanging; thus 
change of initial posture shifts the contraction to the opposite one of a 
pair of antagonistic muscles. 

The next fact to note in this connection is the rectprocal innervation 
of antagonistic muscles. Any afferent stimulus which causes reflex 
excitation of flexors simultaneously causes reflex inhibition of extensors. 
Any afferent stimulus which causes reflex excitation of extensors causes 
reflex inhibition of flexors provided there be any preéxisting contraction 
of the flexor muscles to inhibit. 

Finally, there is the intrinsic tendency of the spinal centers to exhibit 
rhythmic alternation between flexion and extension, under some circum- 
stances, even in absence of afferent stimulation. For instance, Sherring- 
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ton (77) showed that the scratch reflex proceeds with unaltered rhythm 
in response to steady cutaneous stimulation of a remote portion of the 
body when all afferent fibers from the muscles themselves have been 
cut, showing that the alternations are not conditioned by proprioceptive 
impulses from the muscles taking part in the act. Graham Brown (78) 
showed that similar but slower rhythmic alternation (progression 
rhythm) occurred under a depth of narcosis such that transection of 
the spinal cord in the lumbar region produced no disturbance in this 
response, and therefore in absence of afferent stimulation of any sort. 

With this summary of facts in mind let us see to what extent they 
may be interpreted as manifestations of functional responses of the 
same sort as the peripheral nerve impulse, operating under the complex 
conditions of the central structures. 

Balancing of antagonistic effects. In dealing with inhibition, we may 
consider the Wedensky effect as the most promising prototype, and 
indeed, so far as I am aware, the only example of a similar phenomenon 
occurring in peripheral tissues under conditions which have been clarified 
by a thorough analysis, and explained in terms of the fate of individual 
nerve impulses. The Wedensky effect has been described and ex- 
plained in an earlier section. The point to bear in mind now is that in 
Lucas’ proposed application of the principle to reflex inhibition, it is 
assumed that there is an internuncial, neurone through which the im- 
pulses must pass to reach the motor neurone, and that because of the 
decrement at the synapse between the two, there is a critical frequency 
of impulses in the internuncial neurone above which the effect is in- 
hibitory, and below which, excitatory. For convenience in the dis- 
cussion I have designated this the ‘‘pre-motor’’ neurone (55). 

The fact of ‘algebraic summation” of central effects, described 
above, has been mentioned (11, p. 98), (12, p. 45) as an objection to the 
proposed explanation. For if reflex inhibition is conditioned by a high 
frequency of impulses in the ‘‘pre-motor’’ neurone, this neurone would be 
an absolute block in the conduction path as long as the frequency was 
maintained. If concurrent stimulation of another afferent path leading 
to this neurone had any effect at all, this should be an increase in the 
number of impulses traversing it, and this could only increase the cer- 
tainty of inhibition. The conclusion would be that inhibition is ab- 
solute; the excitatory effect should fail to appear in any way. In Lucas’ 
monograph the mention of this difficulty is followed (11, p. 99) by the 
Suggestion that perhaps failure of complete inhibition can only occur 
when a considerable number of afferent fibers remains unexcited and 
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therefore a considerable proportion of the motor neurones remains 
free from the inhibitory effect. 

I have examined a number of old records in which the knee extensor 
was tested with concurrent excitatory and inhibitory stimuli of various 
strengths, and found that the excitatory effect never broke through 
inhibition except when the inhibitory afferent stimuli were too weak 
to excite all the fibers in the nerve (55, p. 287). We may thus dispose 
of this objection as far as the extensor center is concerned, and con- 
clude that the reflex inhibition which is a part of the flexion reflex, 
probably does act as a complete block in those neurones in which it 
is established. In the case of the crossed inhibition of flexors this 
objection is not so easily met, but we shall presently see that here too 
there is a possible way of meeting it. 

Electrical reversal. ‘The electrical reversal has been cited (11, p. 96), 
(12, p. 44) as supporting the proposed explanation of inhibition. Ap- 
parently the facts harmonize well with the hypothesis, for in the 
Wedensky “inhibition”? which furnishes the model, an increase in fre- 
quency at the appropriate strength of stimulus, or anincrease in strength 
at the appropriate frequency, would serve to convert excitation into 
inhibition. Further support is found in the fact that Tiedemann (74), 
and also Sherrington and Sowton (73, fig. 3) obtained with certain 
strengths and frequencies of faradization an initial twitch followed by 
inhibition, just as is found in Wedensky “inhibition.” 

But further examination reveals a difficulty. The analogy implies 
that each impulse set up in a given afferent fiber sets up in turn a single 
impulse in the “‘pre-motor’’ neurone, so that the frequency of the af- 
ferent impulses is carried through unaltered to this neurone, and there 
determines whether excitation or inhibition shall result. 

The analogy between Wedensky “inhibition” and electrical reversal 
of reflex effect cannot be applied so simply as this, for Sherrington (63) 
has shown that a single break shock applied to an afferent nerve, in 
evoking the flexion reflex, suffices to inhibit the extensors. This 
might conceivably be due to the use of a shock strong enough to cause 
double stimulation of the nerve, and therefore a rhythmic series of 
impulses instead of a single volley. On the other hand, I have evoked 
reflex inhibition with single shocks which showed no signs of setting up 
more than single impulses in the afferent nerve when tested with a 
string galvanometer (55, p. 292). If a single stimulus can cause inhibi- 
tion, the electrical reversal cannot be explained by the simple extension 
of the stimulation frequency into the pre-motor neurone. This does 
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not mean that the proposed explanation of inhibition must be abandoned, 
but that the requisite frequency cannot depend directly on that of 
peripheral stimulation; it must be set up in some other way. 

In earlier sections of the paper we have repeatedly found reasons for 
looking to the histologically known branching of afferent fibers as a 
key to many phsyiological peculiarities of reflex function. We may 
find in the resulting convergence of afferent paths at common synaptic 
points a possible mechanism for the establishment of the necessary 
impulse frequency in the ‘‘pre-motor’”’ neurone. This view would prob- 
ably imply a much briefer refractory period in that portion of the 
conducting path where convergence occurred than in a peripheral nerve 
fiber. But other reasons exist for supposing this to be the case, as has 
already been mentioned in connection with reflex threshold, and will 
be discussed more in detail presently. Stimuli too weak to excite all 
the afferent fibers in the nerve, especially currents of gradual onset from 
a rheonome, would be more likely than maximal induction shocks to 
deliver impulses at a given synapse with a slow enough frequency to pro- 
duce the excitatory effect. 

Sherrington and Sowton (73) were unable to produce the ipselateral 
extensor contraction (electrical reversal) unless there was an appreciable 
degree of preéxisting extensor tonus, a condition known to depend on 
impulses from the hind-brain. This fact seems to be another instance 
of the need of reinforcement for the overcoming of certain synaptic 
resistances, similar to that suggested to account for the variability of 
reflex thresholds. The arrangement of branches and synapses pro- 
viding for reinforcement by convergence on the one hand, and inhibi- 
tion by convergence on the other, presents a confusing problem. But 
such an organization may be pictured, if the branches and dendrites are 
properly arranged and if sufficient latitude of variation in refractory 
periods and decrements is allowed (fig. 3). 

Sherrington and Sowton suggested that the basis of the electrical re- 
versal might liein two different kinds of afferent fibers mixed in the stimu- 
lated nerve (73, p. 445). This would imply a difference in chronaxie 
between the two kinds to account for their respective excitabilities by 
differently timed electrical stimuli. That the reversal occurs in the 
case of stimuli applied to the internal saphenous nerve which contains 
no proprioceptive fibers (30), and that Adrian (79) found no evidence of 
two types of cutaneous sensory fibers with different chronaxies, are 
facts which are hard to reconcile with this suggestion; yet the possi- 
bility must not be overlooked. 
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Rebound. The increased activity of the extensors following their 
inhibition, is a phenomenon of great interest. The fact that it con- 
sists in a transient excess of activity in the extensor motor neurones 
which before their inhibition were exhibiting ‘“‘tonic’’ activity, early 
suggested the idea that the tonic stream of energy had been pent up 
by inhibition, and on its release burst forth with renewed vigor (2, p. 
212). Aside from the improbability that tonus can be dealt with in 
this way, the view is untenable (46, p. 160), for Sherrington (75, p. 59) 
found that the amount of rebound contraction following inhibition 
shows no correlation with the amount of tonic activity inhibited; for 
instance, inhibition prolonged beyond a certain time is followed by less 
rebound than if the inhibition is briefer. Rebound therefore cannot 
depend merely on the accumulation of the suppressed tonus. It has 
also been shown that it cannot depend solely on the flexed position of 
the limb (55, p. 294). Apparently rebound depends on some central 
effect set up by the same afferent stimulus which during its application 
causes inhibition. 

Sherrington and Sowton, after observing the electrical reversal, sug- 
gested (80) that rebound might be due to a twofold reflex influence 
exerted by the stimulus during its application, the inhibitory being the 
dominant one, but the excitatory persisting the longer of the two after 
stimulation ceased. 

Let us construe this in terms of our general plan of interpretation. 
At the outset there is indicated the same assumption made to explain 
after-discharge, viz., ‘delay paths,’’ central neurones providing a suf- 
ficiently extended system of connected paths to account for the long 
persistence of activity in the motor neurones after afferent impulses 
have ceased to enter the cord. In addition we must find a basis for 
the difference in central effect during and after afferent stimulation. 
For the inhibition during application of the stimuli we have already 
assumed the necessary condition,—high frequency of impulses arriving 
at the pre-motor neurone from many converging paths. To account 
for the change to central excitation when the stimuli cease, we have 
merely to assume that the impulses arriving via the ‘‘delay paths’’ alone 
are below the critical frequency (cf. 55, p. 294). Thus the more direct 
and densely converging paths producing inhibition and the more cir- 
cuitous paths through which impulses arrive less frequently, represent 
the two antagonistic influences exerted in the center. 

Narcosis reversal. This phenomenon fits readily into the general 
scheme of interpretation as is shown in Lucas’ monograph (11, p. 96). 
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It is known that lipoid-solvent narcotics cause a nerve to conduct with 
a decrement and that the central portion of the nervous system is far 
more sensitive to their action than peripheral nerves. Therefore we 
may expect the decrement of any part of the central conducting path 
to be greatly intensified by narcotics such as chloroform. If this 
happened at the terminal synapse a frequency of impulses in the pre- 
motor neurone which normally was slow enough to be excitatory, would 
become inhibitory. Thus chloroform would convert excitation into 
inhibition. 

The partial suppression by ether of the crossed extension reflex during 
application of the stimulus, might similarly be explained by the raising 
of the decremental block to the critical point in some of the synapses 
(but not in all), and by a sequence of events similar to that assumed to 
explain rebound (55, p. 297). 

Sherrington has pointed out that under certain conditions synaptic 
fatigue may serve to convert an excitatory into an inhibitory reflex 
effect (61, fig. 8), and that this may be explained on the same basis as 
reversal by chloroform. The indications mentioned above that fatigue 
induces decremental conduction in junctional tissues are in harmony 
with this idea. 

Just as narcosis reversal may be explained on the basis of increased 
decrement in the final synapse, so the opposite reversal by strychnine 
(conversion of inhibition into excitation) (82, p. 288), (83), might be 
explained on the basis of diminution of decrement. If the decrement 
in these synapses largely disappears, a frequency of impulses in the pre- 
motor neurone, normally inhibitory, would become excitatory. 

Similar effects of chloroform and strychnine found by Bayliss (84) 
in the case of vasomotor reflexes are significant in this connection. 

Postural reversal. Bearing in mind that in general increased con- 
vergence of impulses at a pre-motor neurone decreases the chance of 
excitation of the motor neurones and increases the chance of inhibition, 
let us assume that shortening of the extensor muscle, active or passive, 
sets up afferent impulses of a certain frequency, and that these set up 
impulses in the pre-motor neurones of the extensor center. Sherrington 
(85), (86) has found that a contracted state passively imposed on an 
extensor muscle in decerebrate rigidity, is reflexly retained (shortening 
reaction). This would be explained if the impulses set up in the pre- 
motor neurones in the manner just suggested were of excitatory’ fre- 
quency. Those afferent stimuli whose central effect is subject to pos- 
tural reversal may in themselves deliver to the pre-motor neurones in 
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the extensor center impulses of a frequency also below the critical value. 
If when such a stimulus is applied the limb is in a flexed posture and no 
impulses are coming to the pre-motor neurones through the afferent 
fibers from the extensor muscle itself, then the stimulus will cause an 
excitatory response, resulting in extension. But if the limb is already 
extended, so that impulses of an excitatory frequency are already being 
set up in the pre-motor neurones by the afferent impulses from the 
muscle, and then if the external stimulus delivers to them additional 
impulses, we shall have the condition for inhibition, because now the 
frequency of impulses in these neurones will be raised above the critical 
value (55, p. 302). 

Porter’s observation (87), (88) that when one phrenic nerve has been 
rendered inactive by hemisection of the spinal cord, respiratory impulses 
can apparently be diverted across the median plane by severing or freez- 
ing the opposite phrenic nerve, and thus caused to descend the pre- 
viously inactive nerve, is at first sight difficult to interpret in terms of 
our present knowledge of nerve function. It suggests the diversion of 
a stream by damming up its outlet, a concept altogether at variance 
with the properties of the nerve impulse. This phenomenon may be 
simply another case of the postural modification of central effects. The 
diaphragm and the abdominal muscles operate reciprocally as antago- 
nists. The stoppage of contraction in one half the diaphragm might 
cause a change in the proprioceptive impulses coming from the abdominal 
muscles, even if no fibers were left which could bring them from the 
diaphragm itself, and thus account for the phenomenon on the same 
principles as the postural reversal of the leg muscles. 

Reciprocal innervation and intrinsic alternation of flexion and extension. 
These two topics had best be considered together. Strong afferent 
stimulation in the hind limb always results in ipselateral excitation of 
flexors and inhibition of extensors. This is the flexion reflex and is 
dominant over all other limb reflexes. Stimulation of an afferent nerve 
in the opposite leg, if unopposed, evokes excitation of extensors; and if 
there be any flexor contraction going on, other than that of a maximal 
flexion reflex, such afferent stimulation inhibits it to some extent (61). 
The flexors and extensors acting on a single joint never contract fully 
together. Any stimulus which succeeds in producing extension will at 
least partly inhibit flexion (60). 

We may develop a provisional scheme of connections of the spinal 
neurones, without claiming for it the least degree of probability in its 
present form, merely for the purpose of seeing whether it is possible 
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for any arrangement to fulfil the conditions necessary to explain the 
phenomena in terms of nerve impulses whose properties are such as I 
have described. Figure 2 (cf. 55, fig. 7), representing an extensor and 
a flexor muscle in one limb and the neurones involved in regulating their 
function, shows a typical afferent nerve fiber entering the cord in that 
limb, one branch going to the flexor pre-motor, and the other to the 
extensor pre-motor neurone. Since excitation of the flexors is the 
dominant reaction, we may assume that the branches approach the 
flexor pre-motor neurone in such a way that even if all the afferent 
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Fig. 2. Diagram of spinal neurones and their connections to provide a possible 
basis for analysis of reflexes. Afferent neurones shown in light lines; internuncial 
neurones in double lines; motor neurones in heavy lines. FE, extensor muscle; 
F, flexor muscle; MP, median plane; CA, contralateral afferent fibers; JA, ipse- 
lateral afferent fibers; DP, delay paths, representing extensive central connections 
to provide for prolonged after-discharge; EPM, extensor pre-motor neurone; 
FPM, flexor pre-motor neurone; EM, extensor motor neurone; FM, flexor motor 


neurone; EMB, collateral branch of extensor motor neurone; FMB, collateral 
branch of flexor motor neurone. 


fibers in the nerve are excited they will not set up impulses of inhibitory 
frequency in the pre-motor neurone, the decrement in the terminal 
synapse being perhaps relatively slight. The convergence of terminal 
branches at the extensor pre-motor neurone, on the other hand, is such 
as to establish an inhibitory frequency in this neurone, provided that 
all or most of the afferent fibers are excited, and consequently inhibition 
of the extensor muscle no matter how many impulses may bearriving 
from other sources. Branches are shown going to other central neu- 
rones designated ‘‘delay paths” in order to account for the phenomena 
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of after-discharge and rebound as already described. Paths are shown 
approaching the extensor pre-motor neurone from afferent nerves in 
the opposite limb. The arrangement of the branches whereby they 
approach should be such that the impulses set up in this neurone are 
below the critical value, and therefore, excitatory in effect. 

To account for crossed inhibition of flexors we cannot simply invoke 
a convergence of impulses at the flexor pre-motor neurone in the same 
way that we did for inhibition of the extensors, otherwise such inhibition 
would establish a block which no amount of ipselateral stimulation 
would overcome. This would be at variance with the fact that maxi- 
mal afferent stimulation produces a flexion reflex which cannot be in- 
hibited by any contralateral stimulus. To deal with the crossed inhibi- 
tion of flexors and to allow for its failure to-dominate a strong flexion 
reflex, we may turn to structures which have been invoked by Graham 
Brown (78, p. 37) to explain the intrinsic alternation between flexion — 
and extension in absence of afferent stimulation. 

Von Lenhossek (89, p. 245), (cf. 1, fig. 161) has described the arrange- 
ment of the “‘side-fibrils”’ of Golgi, given off from the axons of mamma- 
lian spinal motor neurones near their point of passing from the gray 
into the white matter of the cord. He considered it the function of these 
side-fibrils to conduct impulses toward the axon, but his argument 
(89, p. 132) is based on anatomical proximity of the ends of the fibrils 
to the end branches of the ‘‘reflex collaterals’ of the posterior roots; 
and this can hardly be taken as proof of ‘‘axopetal’’ conduction. Graham 
Brown suggested that this side-fibril might be concerned with the func- 
tion of inhibiting the antagonistic muscle. Impulses set up in a motor 
neurone would traverse not only the axon but the side branch as well, 
and through it would reach a point where they could exert an inhibitory 
effect on the antagonistic motor neurones. To account for the rhyth- 
mic alternation he suggested that this inhibitory effect might become 
fatigued and thus in time enable the inhibited neurone to become active 
and in turn inhibit its antagonist. In our provisional scheme the side 
branch leads to the pre-motor neurone of the antagonistic center. The 
resulting convergence would enable impulses in the motor neurones of 
one center to raise the frequency of impulses in the antagonistic pre- 
motor neurone above the critical value, thus establishing inhibition 
(55, p. 304). 

In applying this scheme to spontaneous alternation, we may simply 
assume that there is a steady stream of impulses from some central 
source (originating in the cutaneous stimulation in the case of the 
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scratch reflex, perhaps in a “‘blood-stimulus” in the case of narcosis 
progression), and that their arrivalatthe pre-motor neurones is so timed 
as to set up in them only an excitatory frequency; whichever motor 
neurone responds first inhibits its antagonist in the manner just de- 
scribed, until a synaptic fatigue occurs at the point where the side 
branch acts on the pre-motor neurone; then the impulse frequency in 
this, falling below the critical value, reverses the process. Since con- 
traction of one of a pair of antagonists is regularly accompanied by 
inhibition of the other, there is a temptation to seek a simplification of 
our scheme by relegating all inhibition to the side fibrils (or collateral 
branches) of the motor neurones. But in so doing we should fail to 
account for the dominance of the flexion reflex. We must recognize 
a difference between flexor and extensor centers. This difficulty may 
be met by retaining the original idea of direct convergence of afferent 
paths at the pre-motor neurone as a basis of inhibition in the case of 
the extensor center, and assuming that only in the inhibition of flexors 
is the activity of the side fibrils essential. The dominance of the 
flexion reflex would then depend on the fact that strong stimulation, 
exciting all afferent fibers at once, insures the necessary convergence to 
inhibit the extensor motor neurones and thus release the flexor center 
from their inhibitory action. 

The question arises, how can the “electrical reversal’? occur and 
ipselateral extension be evoked in spite of the dominance of the flexion 
reflex with its twofold tendency to inhibit the extensor center? Why 
do not the afferent impulses, even if arriving too infrequently to set up 
extensor inhibition by direct convergence, induce a flexion reflex and 
thus inhibit the extensor by virtue of the side fibrils? The answer to 
this question may be found in the consideration that whereas our dia- 
gram shows but one neurone of each type, actually in the spinal cord, 
there are thousands, and each motor neurone may send branches not 
to one antagonistic pre-motor neurone, but tomany. The extensor cen- 
ter is characterized by a slower type of response, and especially by a 
longer after-discharge, than the flexor center (2, p. 30). In our scheme 
of analysis this means that its motor neurones are approached through 
a more extensive series of “delay paths.” This arrangement may in- 
clude more extensive connection for each afferent fiber, so that a small 
number of afferent fibers will reach the entire codrdinated group of 
central neurones, whereas with less extensive branching in that direction 
a large number of afferent fibers is required to reach all the flexor motor 
neurones. Stimulation of an afferent nerve with the kind of weak 
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stimuli which evoke ipselateral extension, although exciting only a few 
afferent fibers and through them only a few flexor motor neurones, may 
through the extensiveness of the delay paths set up a generalized disturb- 
ance throughout the extensor center. Then even if a few isolated flexor 
motor neurones have been excited, they will soon be inhibited through 
the side fibrils of the much larger number of extensor motor neurones 
in action. 

In like manner we may deal with the crossed inhibition of flexor 
muscles. Although a flexion reflex induced by stimulation strong 
enough to insure excitation of all fibers in the afferent nerve apparently 
cannot be inhibited by any contralateral stimulation, Sherrington and 
Sowton have shown that a flexion reflex evoked by moderate stimula- 
tion may be so inhibited (61). We may suppose that if a sufficiently 
large number of afferent fibers is not excited there may be a number of 
extensor pre-motor neurones not subjected to the inhibitory effect. 
Then even if enough flexor motor neurones are excited to cause a sub- 
stantial flexor contraction (as in the experiments of Sherrington and 
Sowton), the extensor motor neurones which are called into action will, 
by virtue of their side fibrils, inhibit enough of them to cause a demon- 
strable decrease in the contraction. 

These considerations together with the synaptic fatigue invoked to 
account for spontaneous alternation of flexion and extension, may also 
account for the rhythmic alternations induced by concurrent excitation 
and inhibition in the extensor center (72). First one group of neurones 
will gain the ascendency, and then lose it through syriaptic fatigue at 
the ends of the side fibrils. 

An apparent objection to the scheme just described arises from the 
recent experiments of Olmsted and Warner (90). They found that when 
the contractions and relaxations of the antagonistic knee muscles in 
the decerebrate cat were registered together on a rapid drum, the latency 
of relaxation in one muscle was regularly longer than that of contraction 
in its antagonist. Extensor relaxation began l4o after flexor contrac- 
tion; flexor relaxation 19¢ after extensor contraction. In the scheme 
outlined above we found it necessary to assume that if the extensor 
motor neurones were active when a stimulus was applied to an afferent 
nerve the flexor muscles could not contract until their motor neurones 
had been released from the inhibitory action of the extensor motor 
neurones by the inhibition of these through direct convergence of im- 
pulses at their pre-motor neurones. This view appears at first sight 
to be incompatible with the observations of Olmsted and Warner; 
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apparently inhibition of extensors should follow excitation of flexors, not 
precede it. This objection may be readily answered by a consideration 
of the contraction time of a muscle. Inhibition consists in the stoppage 
of impulses from traversing the motor neurones. Suppose when a 
flexion reflex is evoked the last impulse to traverse the extensor motor 
neurone and the first to traverse the flexor motor neurone occurred at 
the same moment, and suppose the conduction time the same in the two 
motor nerves. Then the latency of extensor relaxation would be longer 
than that of flexor contraction by the time elapsing between the initia- 
tion of the last propagated disturbance in the extensor muscle and the 
commencement of relaxation following it. Judging from myograph 
records of the simple twitch (91, p. 25), the time required for a muscle 
to pass the maximum of its contraction at the mammalian body tem- 
perature would be about 150, approximately the difference noted by 
Olmsted and Warner. The motor nerves are nearly the same length 
and their conduction times probably differ by very little; the speed of 
nerve reactions is so great and the distances involved in the spinal cord 
so small that the whole chain of processes involved in the release of the 
flexor motor neurones from inhibition in the manner suggested would 
probably occur easily within the reduced reflex time, 4c, already noted 
for the flexion reflex. Therefore, the difference due to the contraction 
time of the muscle is so large that it completely obscures any small 
difference in time which may elapse between cessation of extensor motor 
impulses and commencement of impulses to the flexors. There is, 
therefore, no real objection raised by the observed difference in latencies. 

It cannot be too strongly emphasized that the particular arrangement 
of neurones shown in the diagram is not for a moment supposed to 
represent the actual arrangement of neurones in the spinal cord. It is 
developed simply for the purpose of seeing whether any conceivable 
arrangement might account for the reflex phenomena without postulat- 
ing new and unknown functional properties. As we shall presently 
see, another and quite different arrangement may be developed to 
answer the same purpose. 

MoToR INNERVATION IN TONUS AND OTHER SUSTAINED CONTRACTION. 
The frequency of nerve impulses involved in most of the activities of 
the nervous system on which evidence has been obtained is higher than 
has been generally supposed. The appearance of a characteristic action 
current frequency of about 50 per second in human muscles in voluntary 
contraction led Piper (92) to conclude that this was the frequency of 
impulses in the motor nerve fibers innervating these muscles. Follow- 
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ing the lead of Buchanan (93) we have found evidence (94) indicating 
that the nerve-impulse frequency in voluntary innervation of the fore- 
arm flexors is much higher than that appearing in the muscular action 
currents. The true frequency seems to be not less than 300 per second. 

In contrast with this finding is the recent observation by Gasser and 
Newcomer (95), confirming those of Dittler (96) and Garten (97), that 
in the dog the action currents in the diaphragm correspond exactly with 
those of the phrenic nerve simultaneously recorded, the frequency being 
about 100 per second. It is interesting that the evidence should indi- 
cate such a difference in the mode of innervation of two muscles, both 
under voluntary control. No reason for the difference is known, so far as 
I am aware. , 

The known refractory phase of medullated nerves at mammalian 
body temperature is such that it should set an upper limit to their 
nerve-impulse frequency in the neighborhood of a thousand per second. 
If the internuncial neurones do not differ greatly from the peripheral 
nerves we should expect to find the critical frequency in the assumed 
pre-motor neurone somewhere between 1000 and 300 a second, judging 
from the observed duration of the relative refractory phase in motor 
nerves. 

The requirements of the proposed scheme suggest a briefer rather 
than a longer refractory phase in the pre-motor neurone than is found 
in peripheral nerves; therefore when reflex excitation occurs the dis- 
turbances should be available for exciting the motor neurone at least 
as often as it is able to respond. Therefore we should expect the fre- 
quency of impulses in the motor nerve to lie somewhere between the 
limits mentioned, viz., between 300 and 1000 per second. This con- 
clusion is in harmony with that arrived at by experiment in the case of 
human forearm flexors in voluntary contraction. 

Tonus. Tonus is a baffling phenomenon, especially when one at- 
tempts to interpret it in terms of propagated disturbances in the tissue 
which exhibits it. It is a well-known fact, which has often been cited 
(98), (99, p. 535), (100) in connection with the innervation of skeletal 
muscles, that in the mollusc, pecten, there are two distinct types of 
muscle, one capable of executing movement, the other a ‘‘postural’’ 
muscle apparently not concerned with movement, but capable of main- 
taining its contracted state against great force without expenditure of 
energy, thus dynamically resembling a vise. Sherrington (98) has 
noted the striking similarity of behavior between the extensor muscles 
in moderate degrees of decerebrate rigidity and the postural muscle of 
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pecten. The condition he describes is one that he calls “plastic tonus.” 
The muscle assumes any degree of shortening passively imposed on it, 
and maintains the posture for a long time, apparently without fatigue. 
Roaf (101) found no evidence of increased metabolism in muscles during 
decerebrate rigidity; and Bayliss (102), measuring heat production, 
found evidence of great economy of energy in this condition. On the 
strength of these data Wilson (100, p. 558) states that ‘“‘the evidence 
of duality of muscle function in vertebrates appears satisfactorily 
demonstrated.”” (cf. Kahn (112) and Einthoven (113). 

What can be the basis of such a duality of function? We know that 
the state of decerebrate rigidity depends on nerve impulses, both 
afferent and efferent; it is a reflex. Cutting either the afferent fibers 
from an extensor muscle or the motor fibers innervating it abolishes the 
“tonus”’ (2, p. 301). Some influence passing along the motor nerve 
must maintain it. The only influence we know of that can traverse a 
nerve is the nerve impulse or propagated disturbance whose properties 
I have described—a definite, transient change, giving no evidence of 
qualitative variations. The nerve impulse is what calls the muscle into 
action when the nerve is artificially stimulated; it is supposed to be the 
means of evoking voluntary and ordinary reflex contractions in the 
muscle. But ‘‘tonus” is supposed to be evoked by something different. 
Are we to assume that the nerve is capable of transmitting another 
wholly different kind of influence of a character as yet unknown? Or 
may we yet find a basis for explaining “‘tonus’’ as well as other reflex 
acts in terms of the well-recognized propagated disturbance? 

Buytendyk (103) has shown that in decerebrate rigidity action cur- 
rents may be led off from the extensor muscles showing practically the 
same frequency as those of voluntary contraction, and varying in am- 
plitude rather than in frequency in various degrees of rigidity. This. 
result tends to indicate that reflex ‘‘tonus’” is not fundamentally dif- 
ferent, as regards the underlying type of disturbance, from voluntary 
and other reflex contractions. Experiments, of which a preliminary 
report has appeared (104), fail to show other than a quantitative dif- 
ference between the crossed extension reflex, post-inhibitory rebound 
and the tonic contraction of decerebrate rigidity, as regards motor 
innervation. They do not, however, prove definitely that qualitative 
differences may not exist. 

There is a conceivable basis for explaining the extraordinary economy 
of energy in reflex tonus as compared with voluntary contraction, arising 
from the explanation of the “shortening reaction’ suggested above. 
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Barbour and Stiles (105) have found evidence indicating that sustained 
reflex contraction sometimes consists in alternate periods of activity 
and rest in individual muscle groups. Possibly a group of fibers in a 
shortened state, either by virtue of their own contraction or of those 
about them, sends to a limited number of motor neurones the requisite 
proprioceptive impulses to establish reflex contraction. The muscle 
fibers thus excited may be different from the first group. Synaptic 
fatigue (perhaps at the junction of the afferent fibers with the pre- 
motor neurones) releases these muscle fibers before they become subject 
to fatigue, but meanwhile their contraction has reflexly evoked that 
of a third group. And so the fiber groups may take up the load 
in rotation and, for some reason, by this means attain an economy 
otherwise impossible (cf. 111). 

It is obviously unwarrantable to consider the evidence at hand suffi- 
cient to establish such a mechanism of rotation as that just described; 
it is merely mentioned to show how many possibilities arise in a system 
so complex as we know the neuro-muscular mechanism to be. The 
object is to show that the same kind of propagated disturbance which 
has become familiar in isolated nerve and muscle, may be the basis of 
the baffling phenomena of reflex tonus, the apparently fundamental 
differences in the kinds of activity observed depending in reality on the 
vast complexity of organization in the system as a whole. The con- 
clusion to be drawn is that in spite of the striking resemblance between 
plastic tonus in skeletal muscles and the postural or ‘‘catch’’ muscle of 
pecten, we are not justified. without further proof, in assuming it to 
depend on a function in muscle distinct from that involved in “tetanus,” 
evoked in turn by a special function in nerve distinct from the ordinary 
nerve impulse. 

Parker has suggested that the possible function of the neuro-fibrils has 
been somewhat overlooked in physiological discussion, and that con- 
ceivably these may be concerned with the transmission of such special 
impulses as may induce tonus. This interesting suggestion is one which 
is difficult to approach by experiment, but possibly it finds support in 
the observation of Lucas (27) that the nerve in the crayfish claw con- 
tains two “‘excitable substances”’ of widely different chronaxie. 

The theory that tonus in skeletal muscle depends on innervation 
through the sympathetic nervous system (114) has been shown to be 
without adequate foundation (115), cf. (116). 

A PHYSICAL VIEW OF FUNCTIONAL DIFFERENCES. Looking at the 
nerve impulse from the point ot view of the physical properties of the 
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fiber, we may find considerations which possibly will clarify the prob- 
lems of reflex conduction. Reasons have already been given for con- 
cluding that essential features in the conducting function of the nerve 
fiber are the polarized state of the membrane at rest, and the breaking 
down of this polarization (difference of potential inside and outside) in 
activity, the depolarization being propagated by means of the resulting 
action current. Lillie (32), comparing different nerves and muscles, 
and Lucas (106), observing a muscle at different temperatures, found 
cogent reasons for concluding that the velocity of conduction depends 
on the speed of development of the electric response at a given point 
in the fiber. Lillie reinforced this conclusion with measurements show- 
ing that the action current in nerve is just about strong enough to ac- 
count for the actual velocity of the impulse on this basis (32, p. 434). 

Williams and Crehore (107) attempted to explain the nerve impulse 
as a transient electric current conducted as in a cable. Their explana- 
tion as originally formulated proved untenable for reasons which have 
already been mentioned (p. 367). But certain facts were brought to 
light in their investigation, which must have an important bearing on 
the problem. They found that the distributed capacity of a motor 
nerve fiber as estimated from its histological structure and the known 
chemical properties of the myelin sheath, together with the ohmic re- 
sistance estimated from measurements of a whole nerve, suffice to ac- 
count for the transmission of a transient electrical current in such a 
conductor as the fiber appears to be, at the same velocity as is actually 
found in the nerve impulse. The agreement is remarkably close; 
furthermore the difference between the velocity of conduction in medul- 
lated and non-medullated nerves is the same sort of difference that they 
would expect on theoretical grounds because of the greater capacity 
involved in the case of the thinner sheath. 

At first sight Lillie’s view that velocity of conduction depends on the 
rate of development of the action current appears to place the cause of 
the velocity in something quite distinct from the physical constants, 
resistance and distributed capacity; the two views seem to have nothing 
in common. But when we consider what the necessary effect of re- 
sistance and capacity must be on such a conductor we see that we must 
deal with the two ideas together. The question arises, what determines 
the speed with which the action current develops at a given point in 
the fiber? Suppose the speed of conduction does depend on the rate of 
rise of the action current, can this electrical disturbance be conducted 
along such a conductor faster than the capacity and resistance would 
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permit the crest of a transient current introduced from an outside 
source to travel? Both resistance and distributed capacity retard the 
progress of a transient change of potential imparted to an insulated 
conductor. The structure of the nerve fiber is such that there must be 
resistance and distributed capacity in it of the general order estimated 
by Williams and Crehore. These physical constants must act in the 
nerve as in a cable, retarding the development of a potential change at 
any given point, and therefore retarding the velocity of transmission. 
Thus the rate of rise of the action current and the correlated velocity 
of conduction must together be controlled by these physical constants. 
On this view one function at least of the relatively thick myelin sheath 
in a medullated fiber would be to insure high speed of conduction, a 
result of obvious utility in the rapid coordination of movement. 

In emphasizing the community of functional capacity in all the 
excitable tissues, I called attention to the approximate agreement be- 
tween quantitative variations in the duration of the different aspects of 
function—chronaxie, action current, and refractory phase. Turning 
to the structural differences in the known tissues we may look for a 
basis of these differences in the dimensions of the different structures 
which must determine in part the resistance and capacity, and we may 
further attempt to correlate velocity of conduction with the other quan- 
tities on the same basis. Besides these constants we must consider also 
the ease with which excitation occurs, i.e., the intensity of the action 
current which must occur at a given point in advance of the crest of 
the approaching wave in order to excite the tissue there. In general 
we find that those tissues which are rapid in one aspect of their function, 
tend to be rapid in others. Muscle, as compared with nerve, has a 
long chronaxie, long action current, long refractory phase and slow con- 
duction. The thin sheath and consequently large capacity might well 
account for this. The comparison of medullated and non-medullated 
nerve fibers shows similar differences. On the other hand, Adrian (42) 
has shown a lack of parallelism between nerve and muscle in the com- 
parison of refractory phase and action-current duration. If we knew 
the three determining factors,—resistance, capacity and local excita- 
bility in each case we might find in them the basis for this divergence. 

From the point of view of reflex function it will be of interest to see 
if these concepts can throw any light on the properties of the attenuated 
portions of the nerve fibers in the synaptic regions. We have already 
seen several functional properties wherein synapses resemble the junc- 
tional tissue in the neuro-muscular mechanism. It would go far toward 


| 


SPINAL REFLEXES 407 


removing functional characters from the realm of the unknown if we 
could find a probable basis for them in the dimensions and resulting 
physical constants of the structures involved. 

The nerve-muscle junction has been shown to have the briefest 
chronaxie of all the tissues examined. I have already mentioned 
Bazett’s observations which pointed to a correspondingly brief refract- 
ory phase in this tissue, and the likelihood of a correspondingly brief 
duration of response. Its speed of conduction, however, instead of 
being rapid, as we might infer by analogy, is slow compared with nerve 
conduction, for a delay in transmission is demonstrable there. We do 
not know its finer structure well enough to seek an explanation of 
these facts in terms of the probable physical constants. 

In making a comparison with the synapse we may start from the 
observed facts indicating many physiological resemblances between it 
and the neuro-muscular junction,—decrement, fatigue, delay, etc. | 
Forbes and Gregg were led by their observations (56, p. 221) to infer 
that in some central part of the reflex path the refractory phase was 
briefer than in the peripheral afferentnervefiber. Thisinferenceseemed 
necessary to account for summation of propagated disturbances on 
which apparently depend the observed variations of reflex response to 
graded afferent stimuli. This idea fits in well with the other apparent 
similarities between the synapse and the neuro-muscular junction. We 
do not know the structure of the synapse in sufficient detail to apply 
physical principles to conduction in it with much confidence of accuracy, 
but we may attempt a trial hypothesis based on such properties as are 
histologically apparent. One point we are sure of,—great attenuation 
of the finer terminal branches and of branches of the dendrites. The 
question of contact or protoplasmic continuity between neurones has been 
much debated. Sherrington (2, p. 16) hasbeen inclined to ascribemost 
properties of the synapse toasynapticmembrane which may be looked on 
as transverse, i.e., interrupting the continuity of the conducting path. 
Marui (4) maintains that the neurofibrils of one neurone pass directly 
into the cell body of the next. It has already been noted that Lillie’s 
explanation of irreversible conduction at the synapse does not require 
a transverse membrane (32). Conceivably neurones, though arising 
as separate cells, establish protoplasmic fusion in the development of 
functional reflex arcs, possibly by a process similar to the formation of 
foreign body giant cells (108). From the point of view of the membrane 
theory of nerve conduction it is easier to picture transmission of the 
impulse through a reflex path if we assume the membrane surrounding 
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the conducting unit to be continuous, and not interrupted by a trans- 
verse membrane. It will be of interest to see if the properties of the 
synapse could depend on variations in the dimensions and the resulting 
time relations of different portions of the path, rather than on a trans- 
verse membrane, especially in view of the doubt cast on the existence 
of such a structure by Marui. 

Applying the principle of physical constants to the synaptic region 
we may be certain that one result of attentuation will be a great increase 
in the ohmic resistance per millimeter. This will tend to retard con- 
duction. The distributed capacity will depend on the ratio of internal 
to external diameter; a thin sheath in proportion to the total diameter 
of the fiber confers a large capacity. So far as I know, data are not 
available for estimating whether capacity would undergo increase or 
decrease as the fiber splits into its finer branches. Small capacity would 
tend to enable the electric response to develop rapidly at a given point. 
Therefore if the sheath continues to be as thick in proportion tothe total 
fiber as in peripheral nerve, conditions may exist for a brief duration of 
response, and yet conduction would be relatively slow because of the 
high resistance. We do not know what determines the duration of 
refractory phase, but in general it shows fair correlation with duration 
of response (42); furthermore we should expect the exhaustion and re- 
newal of material, such as might determine the refractory phase, to 
oecur more rapidly in a small structure than in a larger one (51). There- 
fore there is some likelihood on various grounds that the fine end 
branches may be characterized by brief chronaxie, response and refrac- 
tory phase as compared with the larger peripheral fibers. Table 1 
shows the approximate dimensions and other data bearing on the pos- 
sible influence of these dimensions upon function. The dimensions are 
taken from Lewis and Stéhr (109), the times are roughly estimated for 
temperatures between 15° and 20°C., from the data of Lucas (5), 
Lapicque and Legendre (110), (ef. 99, p. 401), Lillie (32) and Adrian (42). 

The next question is,—what will happen if a nerve impulse conducted 
in accordance with the principles assumed, encounters a region where 
the fiber splits into a number of finer branches? According to the 
principle of Lillie which we are at present assuming, the electric dis- 
turbance in the last part of the full-sized fiber is the cause of excitation 
in the smaller branch; if this electric disturbance is of such long duration 
that it continues to be above threshold value till after the response and 
the ensuing refractory phase in the more rapidly acting branch, it will 
set up a second response in the latter; if the branch has a brief enough 
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refractory phase it may respond thus three or four times to the action 
current in the main fiber. Thus a single nerve impulse entering the 
terminal branches may conceivably be broken up into a series of briefer 
impulses. Conceivably this phenomenon occurs at the neuro-muscular 
junction, and may provide a basis for explaining the increased delay 
in conduction of an early second response from nerve to muscle, 
described by Lucas (39). Experiments are now in progress bearing 
on this point. They do not go far toward revealing whether this phe- 
nomenon occurs or not, but at present the results are in harmony with 
the hypothesis. 

Let us see if such a mechanism can form a basis for explaining the 
various reflex phenomena, and thus enable us to dispense with the 
confusing transverse membrane, and possibly also to simplify the 


TABLE 1 
MEDUL- NON-MED- HYPO- 

Total diameter of fiber....... 30u 20u 3u ? ? 
bes Thin Thick | - Thin ? ? 
Low High High ? Very high 
4.00 0.30 20.00 0.040 ? 
Rise of action current to 

Velocity of conduction 

(meters per second)......... 1.5 30.0 0.2 | Slow Slow 
Absolute refractory period....| 4.00 2.00 ? Brief? | Brief? 


arrangement of neurones. 


For example, we may assign different fre- 


quencies of response to various positions of the dendrites, and include 
in them the necessary regions of decrement, thus dispensing with the 
‘“‘pre-motor’’ neurone altogether. 

In order to illustrate how this idea may be applied, let us consider a 
specific problem mentioned in connection with electrical reversal and 
its dependence on tonus, viz., the arrangement of branches providing 
for reinforcement by convergence of impulses at one point and inhibi- 
tion by impulses approaching from another source. Let figure 3 repre- 
sent a motor neurone with the converging branches of its dendrites, 
each in connection with an afferent or internuncial fiber; let A and B 
be the paths whose impulses reinforce each other on the principle of 
summation; let D be the path through which inhibitory impulses arrive. 
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The decrement in C, where A and B meet is such that a single impulse 
fails to pass; the refractory phase there is very brief. It frequently 
happens that impulses arrive through A and BP at the right interval 
to cause summation, the second falling in the supernormal phase of 
recovery inC. A second impulse so timéd will pass the remainder of the 
dendrite and set up an impulse in the axon F. Any impulse approach- 
ing through the afferent fiber D, when reaching d, the most attenuated 
part of that path, will be broken up into a series of very brief impulses 
whose frequency is so high that each reaches the larger main trunk of 
the dendrite E early in its relative refractory phase following the pre- 
ceding impulse, therefore the disturbances in EF will be subnormal and 
fail to pass such decrement as exists in E. Thus as long as impulses 
approach through D, EF is the seat of a total block to impulses com- 
ing from all branches of the 
dendrite. 

This principle may be applied 
to a general scheme for the or- 
ganization of the spinal centers, 
shown in figure 4, which is 
simpler than that in figure 2, 
and yet I believe, provides for 
all the phenomena called for in 


, _. the discussion. A great diffi- 
Fig. 3. Diagram of motor neurone with 

hypothetical arrangement of conducting culty in the original scheme was 
paths. See text. to picture a pre-motor neurone 
with so brief a refractory phase 

as to respond with separate impulses to the rapid sequence of afferent 
impulses reaching it almost simultaneously. If we dispense with the 
assumption of convergence as the basis of inhibitory frequency in the 
extensor center, and refer this frequency instead to the breaking up of a 
single impulse into a series of briefer ones in the finer branches, we may 
establish the conditions for inhibition on the principle just explained in 
the schema shown in figure 3. The rest of the scheme will operate 
substantially in the manner outlined in connection with figure 2, with 
the modification that excitation in the extensor center depends largely 
on the summation effect of convergence just explained (fig. 3). The 
release of the flexor motor neurones from inhibition by the side fibrils of 
the extensors in the case of a dominant flexion reflex will depend on 
inhibition of the extensors. The same considerations of preponderance 


of numbers of neurones will apply as before, in the case of crossed 
inhibition of flexors. 
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This simplified scheme presents whatever advantage there is in uni- 
fication of the principles involved. It affords a possible, if not probable, 


cause of the various impulse frequencies, instead of merely postulating 
them. 


DP 
<> 


Fig. 4. Simplified scheme of spinal neurones. Lettering as in figure 2. 


CONCLUSION 


Any elaboration of a schema such as those presented is apt to be 
construed, in spite of earnest professions to the contrary, as an attempt 
to endow a provisional hypothesis with the dignity of a well-founded 
theory. Again I wish to emphasize that neither schema as outlined is 
advocated as being at all probable. They are developed merely as 
samples of the kind of possible arrangement whereby we may test the 
question whether our present knowledge of reflexes reveals anything 
that cannot be reconciled with Lucas’ proposed interpretations. 

Our view of so large a problem must necessarily remain inconclusive 
until our knowledge has advanced far beyond its present stage. But 
when we consider the enormous complexity of connections in the ner- 
vous system, and the great range of possible variation in the time rela- 
tions of response in the different parts, depending on structure and 
dimensions, we may well believe that a basis for all the great diversity 
of function may lie in the single type of disturbance which seems to 
be a phenomenon common to nerve and muscle fibers. We should there- 
fore refrain, at least for the present, from concluding that summation, 
inhibition, tonus, and all the other phenomena characteristic of the 
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central structures require the assumption of new and wholly unknown 


- functional capacities in the central mechanism. 


The question raised by Lucas is still unanswered. But if the time 
comes when it can be shown that the evolution of the dominant activities 
of man has depended essentially on the elaboration of a single process, 
the development of the branched and attenuated fiber with an unstably 
polarized membrane appearing in enormously varied forms, but ever 
the same in its basic properties, this will be a generalization of the first 
magnitude. 

Such a generalization need not affect any philosophical position we 
may take as to the relation between cerebral activity, as viewed from 
the objective standpoint, and consciousness as known to us through 
our own subjective experience. It should not seek to rob conscious 
life of any of its subjective properties. It would merely, if substantiated, 
effect a simplification of the physical aspect of the activity of the ner- 
vous system. 


I wish to express my thanks to Miss M. Taylor and Mrs. G. B. Ray 
for help in preparing the work for publication. 
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Atrophic changes in mass of body tissues are brought about by chemi- 
cal liquefaction of the tissue proteins, catalyzed by enzymes present in 
the cells. In the course of this liquefaction the same products are 
formed which appear as the end result of hydrolytic cleavage of protein 
by the enzymes of the digestive tract, namely, the peptides and amino- 
acids. By diffusing out into the blood and lymph, these products are 
removed and the cell or the tissue decreases in mass and in metabolism 
to a proportionate degree. In certain atrophies, digestion of the tissue 
proteins is further facilitated by the action of phagocytes, but even 
in these cases phagocytosis is a secondary process, and must be pre- 
ceded by the initial steps of autolysis or post-mortem changes which 
produce chemotactic substances attractive to the phagocyte. 

The early work in autolysis has been so ably reviewed elsewhere by 
Levene, Wells, Dernby, etc., (1), (2), (3), (4), (5) that in this paper we 
may consider it only in its broadest aspects and omit the detail. This 
becomes all the more necessary in view of the difference in attack and 
technique in the earlier work, the neglect of certain factors such as the 
H-ion concentration, which is of fundamental importance, and the in- 
fluence which point of view seems to have exerted in the collection and 
interpretation of data in certain instances. Those pieces of work have 
been selected for discussion which have contributed important steps to 
the advance of our knowledge of the mechanism of autolysis and 
atrophy. 

The earliest scientific study of the phenomenon of autolysis was that 
of Salkowski (6). He described the process correctly as one of self- 
digestion of the tissue proteins and pointed out its fundamental identity 


with digestion in the alimentary tract. It is doubtful however whether 


Salkowski and his students (7), (8), (9) appreciated the importance of 
this phenomenon in its relation to intermediary metabolism. It ap- 
peared as an interesting post-mortem disintegration. Salkowski named 
the process “‘auto-digestion” and showed it in liver, spleen and other 
tissues by the production of leucine and tyrosine, which could be 
isolated and identified. 
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In 1900 Martin Jacoby (10) published his classic papers on autolysis 
and its relation to the atrophic disintegration of the liver in phosphorus 
poisoning. Later a third paper (11) appeared in which the specific 
action of liver protease was shown. Jacoby approached the problem from 
the angle of the pathologist and was therefore struck by the outstanding 
facts that a, normal liver autolyzes, producing typical end products of 
protein cleavage; b, phosphorus-poisoned livers digest more rapidly 
and more completely than the normal; c, enzymes may be liberated into 
the blood stream during the acute atrophy of phosphorus poisoning, 
which digest fibrinogen, so that the blood may not clot at all, or if it 
does clot, the fibrinogen speedily liquefies again; d, the process goes on 
with the animal and tissue still alive, and must therefore be of much 
greater import than as a post-mortem phenomenon only. 

Much of the subsequent detailed work in this field was anticipated by 
Jacoby. He separated the enzymes from autolyzing liver by precipita- 
tion with ammonium sulphate and showed that they accelerated the 
decomposition of a normal liver mixture. He observed that the residue 
after prolonged autolysis consisted of nucleins, connective tissue debris, 
and a soluble albumin. The globulin fraction had entirely disappeared. 
The amino-acids do not accumulate in a liver with circulation intact, 
but if a lobe be tied off for several hours in the surviving animal they 
can then be found. Even the liver of the phosphorus-poisoned dog 
shows no amino-acid accumulation until the agonal stage is reached, 
when the hepatic circulation is much depressed. Although phosphorus 
poisoning of the liver leads to its rapid disintegration in situ, the addi- 
tion of phosphorus to a liver hash does not alter its rate of autolysis. 
There appears to be a certain specificity of action of the liver enzymes, 
since they do not digest lung tissue. On the other hand, if proteoses 
and peptones are added to a liver hash, these are digested by the liver 
proteases. This observation evidently anticipates the discovery of 
erepsin in tissues. Jacoby used antiseptics in his experiments, particu- 
larly an excess of toluol. 

Following Jacoby’s publications, the field of autolysis at once 
attracted investigators, and the next two decades saw an enormous 
accumulation of data concerning this mechanism. 

The technique used varied with different investigators. In the main 
it consisted in grinding tissues fine, adding water and an antiseptic, or 
attempting to carry on the process under aseptic conditions. An 
initial sample was analyzed, usually by coagulating the proteins with heat 
and testing the filtrate for total nitrogen, proteose, peptone, amino- 
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acids, ammonia, etc. Or precipitating agents were used to remove 
protein, such as tannic acid, colloidal ferric hydroxide, trichloracetic 
acid, etc. This was an improvement since the hydrolysis of the pro- 
teins during heat coagulation must always introduce some uncertainty 
in the interpretation of the results. 

Some interesting work was done on the press-juice of tissues rather 
than the comminuted organ. Results obtained on such material how- 
ever cannot be taken as representing the autolytic picture in the whole 
tissue, so that it loses some of its value. This fact is clearly seen in 
the results of Hedin and Rowland (12) on muscle press-juice. This 
material digests about as well in alkaline media as in acid, while we find 
that whole skeletal muscle behaves like other tissues, digesting best 
in acid media, and being inhibited in alkaline. 

The results obtained under aseptic conditions, rather than with anti- 
septics present, must always remain open to the suspicion that the 
digests were not sterile. Even where routine cultures were found nega- 
tive, it does not by any means prove that bacteria were not present, 
as was shown by Wolbach, Saiki and Jackson (13), (14). These au- 
thors found evidence that bacteria may be present regularly in dog 
liver, which require however very special culture media to grow them 
outside the liver tissue itself. Wherever hydrogen sulphide is noted 
as a product of autolysis, or where the liver mass turns dark, as de- 
scribed by Magnus-Levy (15), the presence of bacteria is practically 
certain. Thus a considerable number of papers on autolysis must be 
accepted with reservation on this account. 

On the other hand, the antiseptic digest must be equally carefully 
scrutinized since antiseptics may alter the autolytic rate very materially. 
Boric and salicylic acids unquestionably accelerate the process (16) so 
that the autolysis is exaggerated far above that for the normal tissue. 
Apparently one of the best antiseptics thus far described is toluol, which 
does not alter the proteins nor destroy the enzyme, nor greatly alter the 
speed of the reaction in either sense, but which is sufficiently active as 
a germicide to inhibit bacterial growth, if the mass is kept saturated 
with it. Jackson (17) found that toluol decreased autolysis considerably 
but his control digests were admittedly infected so that the greater 
speed of the aseptically set up digests is to be attributed to the action 
of bacteria. In practice it is found that shaking a digestion bottle with 
toluol, present to the extent of about 10 per cent by volume, every few 
hours for the first twenty-four, suffices completely to destroy or inhibit 
bacterial growth. Such a digest will thc> remain for years in the ther- 
mostat without the slightest evidence of91, ‘active change. 
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Autolysis may be measured by the amino-acids produced, or by 
intermediate cleavage products. The two fractions represent es- 
sentially different phases of the process. As a criterion of total auto- 
lysis, the amino-acids are undoubtedly the best. They may be titrated 
directly by the Sérensen method (18), or decomposed by the Van Slyke 
technique (19), or they may be estimated indirectly by depression of the 
freezing point (20) and by conductivity determinations (21). If am- 
monia is split off in the process, it will be titrated as amino-acid by the 
Sdérensen method, of course, so that allowance should be made for 
ammonia production in strictly interpreting amino-acid titration figures, 
The products of primary cleavage are precipitated by tannic acid, tri- 
chloracetic, or phosphotungstic acid from the filtrate from heat coagula- 
tion, and the total nitrogen determined. Inasmuch as primary protein 
cleavage liberates tyrosine-containing peptides which will react with the 
phenol reagent of Folin and Denis (22), this method may be used as a 
colorimetric estimation of initial cleavage (23). 

Ammonia liberated in the course of autolysis can easily be estimated 
by the aeration technique, Nesslerizing the distillate. Some of the 
early work indicated that ammonia was split off in extraordinary 
amounts during autolysis, and this mistake is widely quoted in the 
literature. Where unusual ammonia values were obtained, putrefactive 
processes were probably going on (24). Later work (25) has clearly 
shown that deaminization of the amino-acids does not take place to any 
extent in the in vitro experiments. Ammonia is produced slowly, in- 
creasing over a long period of time. It is not formed from amino-acids 
but from acid amides decomposable by hydrochloric acid. Dakin 
showed that if the total acid amide in kidney digests was determined by 
heating with strong hydrochloric acid, autolysis merely increased free 
ammonia at the expense of the acid-amide fraction. Deaminization of 
amino-acids probably requires the active oxidative reactions of living 
tissue. While the deaminization of purine bases occurs (26), (27), (28), 
the amount of ammonia derived from this source is not large. 

Results of earlier work. The more important results of earlier work in 
this field, weighed critically in view of the technique employed, estab- 
lished the following important generalizations. 

1. All tissues examined (the connective tissue group is not included) 
will autolyze to a greater or less extent (29). The epithelial tissues 
such as liver, thymus, thyroid, mammary, salivary, kidney and other 
gland tissues, hydrolyze most rapidly and most completely. Muscle 
tissue autolyzes to some extent, but much less than gland tissue. Heart 
muscle stands intermediate. 
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Vernon (30) showed that the ereptic activity of mammalian tissues 
had the following relations: 


TISSUE ACTIVITY (MEAN) 
0.77 


While this table gives only the ereptic values it nevertheless shows ap- 
proximately also the total comparative autolyses. 

2. Tissues like the liver, kidney, thymus, etc., are found to autolyze 
more rapidly in the presence of quite a variety of substances. A partial 
list of these accelerators includes the sulphate, oxalate and chloride of 
iron, the chloride, sulphate, acetate and lactate of manganese, gold and 
platinum chlorides, aluminium sulphate and chloride, cobalt chloride 
and nitrate, lead acetate and nitrate (31), (32), (33), (34), (35). The 
following compounds of arsenic have been reported as accelerating the 
reaction when present in minute amounts: As,03, NagHAsO;, KzHAsQOs, 
CaHAsO3, NasAsOy, KzAsOy, AsCl;, AsBr3, AsIz; Aa2S; and several others 
(36). In general all of the acids which do not precipitate the proteins 
are found to accelerate the reaction, even including such very weak 
acids as boric, salicylic, benzoic, carbonic acid and hydrogen sulphide 
(39), (40), (41), (42), (43), (44), (45). Iodine and bromine in small 
amounts accelerate autolysis, while chlorine has not been tried (46), (47) 
(48). A large number of inorganic hydrosols are reported as accelerators 
by Ascoli and Izar (49), (50), (51), (52), (53), (54). They include 
colloidal Ag, Pt, Au, Hg, Pb, Fe, Cu, Pd, Ir, Fe(OH);3, MnOve, AlgOi4Hio, 
As,S; and Sb.S;. Silver nitrate and lactate, and mercury salts in 
very small amounts, are also found to increase autolysis (37), (38). 

It is clear that the majority of the substances reported are either 
acids or hydrolyze in water to form acids. The other groups of accelera- 


ting substances must depend on some other factor, less obvious, for their 
accelerating effect. 
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3. Tissue autolysis may be definitely prevented or inhibited by 
NaHCO;, NaOH, CaCO;, ZnO, MgO and other basic compounds which 
either make the brei alkaline or keep it neutral (55), (56), (57), (58), (59), 
(60),(61) Other inhibitory agents are the ions of some of the heavy 
metals at considerable concentrations which may combine with and 
precipitate the proteins and also probably the enzymes; arsenious oxide 
in considerable amount, and formaldehyde (62). Alcohol at fairly 
high concentrations inhibits, but autolysis may continue slowly in sur- 
prisingly high percentages as was shown by Wells (63). 

4. Some foreign proteins introduced into a liver brei are digested 
(64), (65), (66), (67), (68), (69) Gelatin, proteose and peptone are di- 
gested rapidly, casein somewhat less readily. While some other foreign 
proteins digest, the evidence is far from complete in establishing the 
availability of foreign proteins in general for hydrolysis in autolyzing 
tissue mixtures, and no very definite conclusions are warranted on the 
subject of specificity. Some protein preparations definitely inhibit 
autolysis as for example blood serum and egg albumin (70), (71), (72), 
(73), (74) 

In brief, the speed of the autolysis and its extent are profoundly 
influenced by the reaction of the tissue mixture. If the tissue is made 
alkaline or kept neutral, there is practically no evidence of autolysis, or 
it is at best an exceedingly small figure. If the tissue mixture is made 
acid, both the rate and the extent of autolysis are increased, as measured 
by amino-acids produced. It is certain that most of the substances 
studied which do accelerate autolysis, do so by virtue of their acidity. 
The increase in rate and the extent bear a rough proportionality at 
least to the amount of acid added, till an optimum concentration is 
attained This optimum is different for different acids, which indicates 
either that the H-ion influences the rate of autolysis or the negative 
ions have characteristic effects. At this reaction over 90 per cent of the 
liver proteins and those of other gland tissues appear as cleavage prod- 
ucts. The insoluble residue is mainly connective tissue stroma. In the 
case of muscle the per cent of the total autolyzed is much less. The 
amino-acid curves of autolyzing acidified tissue are apparently identical 
with curves produced by adding some outside substratum, like gelatin 
or peptone. 

Applying these generalizations to the problem of atrophy we may con- 
clude that anything which tends to increase the acidity of a tissue in 
vivo will result in autolysis just as it does in vitro. Anything which 
maintains a tissue at its normal faintly alkaline reaction will prevent 
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autolysis. When a tissue is alive and in place it does not atrophy un- 
less it is injured directly, as by trauma, pressure, poisons, etc., or unless 
its blood supply is interfered with. In all such eases the normal metab- 
olism is deranged, acidity develops, and atrophy results. Normal 
tissue has the same H-ion concentration as the blood, or pH = 7.4+. 
As long as this is maintained there is no evidence that autolysis can go 
on, either in vitro or in vivo. 

H-ion changes. When a normal tissue is removed and examined at 
once it is found to be neutral or faintly alkaline to litmus. On standing 
it grows acid. Morse (75) studied the H-ion changes post mortem 
by the indicator method and found fairly rapid rise of the H-ion from 
about pH 7 to 6, which it approximates in 5 days and then remains 
constant. This reaction has been more exactly investigated by Dernby 
and also in this laboratory by the potentiometer method (76), (77). 
While it has not been possible to make determinations at the instant of 
removal, we have found soon after death a reaction of pH = 7 =. 
Acidity develops rapidly and within 24 hours the H-ion of the mixture 
reaches the level of pH = 6.5+.° For the next ten days the reaction 
drifts slowly back toward the neutral point as autolysis proceeds, usually 
reaching a level of pH 6.6 to 6.8. This may be referred to the gradual 
buffering of the acid by peptides and amino-acids, neutralization by 
ammonia, or to some other factor. After ten days the reaction slowly 
grows more acid again so that in twenty days it usually reaches a level 
of pH = 6.5 =. 

The rise in the H-ion concentration is explained by the production 
of organic acids such as lactic incident to the dying of the tissue and 
post-mortem changes. While considerable work has been done to 
determine the amount of acids produced and their variety, this phase of 
the autolytic machinery is still in need of further investigation. Lactic 
acid has been described and isolated by a number of workers, and it 
has been shown that leucocytes and tissues can form it from the hexoses 
in small amounts (78), (79), (80), (81), (82), (83), (84), (85), (86). 
It appears from H-ion measurements which we have made that added 
glucose has little measurable effect on the H-ion changes nor does 
glucose appear to alter the autolytic rate. Another source of acids is 
the fat of the tissue, and in the liver this is often considerable. We 
have found that such fats as cottonseed oil, cod-liver oil, olive oil, etc., 
lead to an increase of the H-ion concentration of an autolyzing liver 
brei to which they are added, and as they hydrolyze the fatty acids 
compete with the tissue proteins for the basic ions. The net result is 
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that digestible fats in a liver brei increase its autolysis. Post-mortem 
development of carbon dioxide plays a part in the rise of acidity, but 
so small as to be almost negligible. It does however largely increaes 
the rate and extent of autolysis if added in sufficient amount. 

The significance of the slow drift toward neutrality during the first ten 
days followed by an equally slow drift in the acid direction during sub- 
sequent periods is not understood. It is probably of no importance in 
actual atrophy where diffusible material is carried away. The initial 
acid production is in any event the determining factor in the extent 
of autolysis, and in those tissues where much acid develops autolysis 
is correspondingly large. 

Two factors must be distinguished in the increase of autolysis by 
acid. One is the total acid present, and the other is the H-ion concentra- 
tion. Both effect the reaction but in different ways. The enzyme 
effecting the primary cleavage of the tissue proteins (‘‘Beta protease” of 
Hedin (87), the ‘‘endotrypsin’’ of Hahn (88), and the ‘‘pepsin’’ of 
Dernby (89)), is active only within certain H-ion limits and it has an 
optimum environment at which it catalyzes hydrolysis most rapidly. 
In the case of liver (pig) we have found.the optimum reaction about 
pH = 4.5 +. This enzyme is probably quite inactive at pH = 2.6. 
These figures agree fairly well also with those reported by Dernby. 
As the H-ion concentration rises therefore, after removal of the tissue, 
the primary protease becomes more active, up to the optimum. At 
the same time the amount of acid developed in or added to a digest 
_will determine the amount of amino-acids ultimately produced by deter- 
mining the mass of substratum, and this will exert a mass effect in 
increasing the rate of amino-acid production up to the point where the 
enzyme is saturated with substratum. As acid is added to a digestive 
mixture, both factors are operative and it is difficult to differentiate the 
effect of one from the other. It can be done however experimentally 
by introducing equivalent amounts of acids of different dissociation 
constants. Thus in two digests to which the equivalent amounts of 
hydrochloric and acetic acids are added, we find much more rapid 
amino-acid production going on in the hydrochloric acid mixture. 
It has a higher H-ion level than the one with acetic acid present. In 
the course of ten days however the two digests have approximated 
equilibrium at the same level. The higher H-ion given by the mineral 
acid produces more rapid catalysis of the substratum available, but this 
mass is about the same in both digests, and this determines the final 
amino-acid production when equilibrium is attained. 
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In vivo the acids normal to metabolism are all such as to give relatively 
low H-ion concentrations. They are carbonic, lactic, butyric, with 
some sulphuric and phosphoric from the combustion of proteins and 
lipoids, and possibly other weak organic acids. Such acids would 
suffice to increase the mass of substratum, but the rate of its hydrolysis 
would not be very rapid. Under certain pathological intoxications 
mineral acids are produced in considerable amount, and in these in- 
stances autolysis is found to be both rapid and extensive. 

The addition of acid quite evidently increases the mass of substratum 
for autolysis considered as a whole. This substratum we believe to be 
the acid-protein produced by the addition of acid to the base-protein 
salts of the normal tissue. This explanation seems all the more plausible 
when curves of autolyzing liver to which acid or gelatin are added, 
are compared. In both cases rate and amount of amino-acids produced 
increases in such a similar way that we are convinced the effect is 
actually the same—the effect of increased mass of substratum. 

The effect of colloids. There is one series of observations that cannot 
be covered by this explanation. The extensive contributions of Ascoli, 
Izar and their co-workers (90) demand some special consideration, both 
because of the very large amount of data presented and because of its 
possible effect on the understanding of the subject as a whole. The 
first of a series of papers on the effect of colloidal sols on the autolytic 
reaction appeared in 1906. In this paper the metallic colloids of silver, 
gold and platinum were reported as increasing autolysis in a striking 
fashion. The three behaved alike qualitatively and almost quantita- 
tively. The authors conclude that these metallic colloids catalyze the 
autolytic hydrolysis just as they catalyze the decomposition of hydrogen 
peroxide. These results seem to offer a reasonable explanation for the 
increased nitrogen catabolism resulting from injections of such metallic 
hydrosols (92), (93), (94), and silver salts (91). 

In subsequent papers the same observation is extended to include the 
list of colloids previously enumerated The sols were stabilized with 
an amount of gelatin too small to produce a measurable effect on the 
amino-acid figures through its own digestion. They all increased auto- 
lysis from 50 to 100 per cent or even more. The inspiration of Bredig’s 
classical work on tlfe Anorganische Fermente (95) is unmistakable 
throughout the series, even to the confirmation of the ‘‘toxic’’ effect on 
these catalysts of such substances as phosphoric acid, mercuric cyanide, 
etc. It is difficult to escape the impression that much of this work was 
conducted with a definite mental bias which inevitably influenced the 
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collection of data This impression is intensified by analysis of the 
data in the papers. For example, the addition of hydrochloric and 
phosphoric acid in amounts which regularly increase autolysis in the 
hands of other investigators failed to accelerate the process. This is 
entirely contrary to all the evidence of autolysis before or since. Fur- 
thermore we have repeated many of the typical experiments described, 
and are unable to confirm the results (96). It is true that certain col- 
loidal preparations increase autolysis. In all cases which we have 
studied, the effect is due to acid, however. Commercial colloidal ferric 
hydroxide contains much ferric chloride which hydrolyzes to hydro- 
chloric acid and produces a typical acid increase of autolysis When 
however this hydrosol is dialyzed for long periods until no further 
chloride can be removed, it is completely inert. AseS; and SbeS; both 
accelerate autolysis, not because they are colloidal, however, but be- 
cause in water they slowly decompose and give up H.S, which accel- 
erates autolysis. Sols of gold, platinum and silver have been prepared 
by the Bredig method of arcing under pure water, and by reducing 
reactions. But in no case have we observed the slightest effect on 
autolysis if all traces of acids are removed. We have reluctantly come 
to the conclusion that much of this voluminous contribution to the 
literature of autolysis is unreliable and so largely incorrect that it must 
be disregarded until it has been reinvestigated in toto. In later papers 
Izar and Truffi (97), (98) report that minute additions of silver and 
mercury salts will greatly increase autolysis. These results we have 
also repeated but are unable to confirm the observation 

The autolytic enzymes. Jacoby described an enzyme of the liver as 
erepsin-like, since it would digest proteoses and peptones of autolyzing 
lung, but would not attack the lung tissue proper (99) Jacobyisolated 
the proteolytic enzymes of liver also by precipitating with ammonium 
sulphate. He believed them to be quite specific 

Hedin (100) separated two enzymes from the spleen—‘‘alpha pro- 
tease’”’ which digests in alkaline media, and ‘‘beta protease,” digesting 
in acid media Buchner and Hahn described an ‘‘endotrypsin’”’ which 
they obtained in the autolysis of yeast, resembling trypsin in its ability 
to carry protein cleavage to amino-acids, but differing from it in acting 
best in an acid medium (101) ; 

Of the recent papers bearing on this question, the two by Karl 
Dernby (102) undoubtedly are of first importance For the first time 
the control of the H-ion concentration was perfected in this investiga- 
tion. In the first paper Dernby presents the data obtained in a study of 
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the autolyzing enzymes of yeast. It confirms the earlier suggestions of 
Hahn, Hedin and others, that there is present in yeast an enzyme 
which hydrolyzes the native protein to the peptone stage, acting best 
at about pH 4.5, a trypsin-like enzyme producing amino-acids from 
casein, gelatin and peptides and most active in a reaction of 7.0, and 
an ereptic-like enzyme, producing amino-acids from the peptides at a 
pH of 7.8, and having the specific property of the erepsin of the intes- 
tinal mucosa of splitting glycyl-glycine 

The optimal reaction for total autolysis is about pH 6.0, or slightly 
on the acid side of neutrality At this point, as Dernby shows, the 
simultaneous action of the three enzymes is possible’ At a higher 
acidity peptic hydrolysis proceeds, but the tryptic and ereptic action 
is inhibited, while at about the neutral point the peptic action is arrested 
and the tryptic and ereptic cease for lack of substratum as soon as the 
preformed peptides are hydrolyzed The enzymes are studied in great 
detail, the effect of various added ions determined, the kinetics of the 
ereptic activity evaluated, and a mass of accurate data of the greatest 
value secured 

In Dernby’s second paper a similar study of tissue autolysis is made, 
and the results are interpreted in a similar way. There seems however 
valid reason for questioning the interpretation. In effect the article 
describes the autolytic process as catalyzed by the three typical digestive 
enzymes pepsin, trypsin and erepsin. Two of these names carry a very 
definite implication in regard to their properties. They have applied 
for decades to the enzymes of the digestive tract, their optimal H-ion 
has been exactly measured, their products determined and the substrata 
on which they act. It is quite clear from Dernby’s own results, and 
from our own (103), that the resemblances are not very close except 
in the case of erepsin and it is believed that the use of these historic 
names in this connection can only lead to confusion of ideas. It is not 
our intention to quibble over names, but in this case the application of 
the terms pepsin and trypsin, whose definition is clear from the research 
of decades, to enzymes which do not closely resemble in several impor- 
tant respects the originals, is questionable 

The enzyme in liver which Dernby calls ‘‘pepsin’’ resembles gastric 
pepsin in facilitating the primary cleavage of the native tissue proteins 
made sufficiently acid. It probably does not produce free amino-acids 
in this cleavage any more rapidly than does gastric pepsin On the 
other hand, the liver enzyme has an optimal H-ion concentration of 
pH 4 5 while pepsin acts best at pH 1.5 +. The liver enzyme is com- 
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| pletely destroyed before this latter H-ion level is reached. This con- 


stitutes a very obvious and probably fundamental difference It can 
hardly be associated with the precipitation of some protein fraction of 
liver tissue and the consequent removal of the enzyme by adsorption 
in this accidental way, since pepsin added to a liver brei is not so de- 
stroyed but acts at its highest speed Pepsin is further characterized 
by the very wide variety of native proteins which it will hydrolyze under 
proper acidity. From some of our own unpublished experiments the 
primary protease of the tissues is more specific. Further work however 
is necessary before definite conclusions can be drawn in this particular. 
The apparent ‘‘activation’’ of this enzyme by acids may be due to the 
higher H-ion level, or it may be referable to the development of sub- 
stratum in the tissue at an H-ion concentration above pH 7.0 or it may 
be and probably is due to both. It is clear at least that the base-pro- 
tein salts which exist in the living tissue are not attacked by this enzyme, 
and the tissue as a whole therefore does not undergo autolysis. When 
acid is added, however, this is converted into free protein or acid-pro- 
tein. At the same time the H-ion rises and the activity of the protease 
increases. Digestion of the acid-proteins proceeds, with primary 
cleavage producing peptides of a character which may then be further 
digested by the second enzyme complex, or erepsin. Autolysis as a 
whole is thus found to be roughly proportional to the acid added, and 
to the H-ion level also. 

If the initial cleavage depended solely on the increasing activity of 
the primary protease in acid solutions, then it would appear that at a 
slight increase of H-ion level above pH 7 digestion of the tissues should 
be slow, but complete in time. This however is not the case. With 
each increment of acid, the total autolysis increases by a similar incre- 
ment. The reaction goes rapidly at first and later reaches equilibrium. 
Equilibrium appears to be very definitely determined by the amount of 
substratum available, and this amount appears determined by the in- 
crement of acid. More or less of the tissue is digested, therefore, as 
more or less of it becomes dissociated by acids stronger than the proteins 
themselves. 

The argument for the application of the name ‘‘trypsin” to one of the 
proteases found in liver or kidney is still less justifiable. Trypsin acts 
best between pH 7 and 8. It digests most of the native proteins and 
produces amino-acids as the end products. Complete cleavage pro- 
ceeds so rapidly that there is little accumulation of proteose or peptone 
fractions in a typical tryptic digest. In the liver and kidney we find 
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no enzyme which answers this description. The native tissue proteins 
appear undigested at pH 7 after months, and the amino-acid production 
is negligible. This is not due to any resistance of these tissue proteins 
to tryptic digestion at this H-ion level, for if trypsin be added to such 
a liver brei digestion goes on rapidly and completely, with the exception 
of the connective tissue residue. There seems to be no evidence there- 
fore of a tryptic enzyme in the tissues which corresponds to the trypsin 
of the pancreatic juice and gland. 

Erepsin, or the ereptases, on the other hand are widely distributed 
(104), (105), (106), (107). They are characterized by their inability 
to cleave the native proteins, casein excepted, but act upon the poly- 
peptides, converting them into amino-acids. According to Abderhalden 
(108), there is an optimum H-ion concentration for the cleavage of 
each peptide, but the average is in the neighborhood of pH 7.8. Dernby 
has shown by the splitting of glycyl-glycine that a true erepsin exists 
in yeast and in such animal tissues as he examined. While it differs 
from the intestinal enzyme in its sensitiveness to various foreign ions, 
there seems to be no good reason for classifying it in a separate category. 

While the tissue erepsin acts best at about pH 7.8, it is still active 
in as acid a medium as pH 3—. This is shown by adding a little pepsin 
to a liver digest made up to this H-ion level. Autolysis alone is com- 
pletely inhibited at this acidity. Pepsin however effects the initial 
cleavage, and the erepsin present carries on the hydrolysis to the amino- 
acids rapidly. If the H-ion be raised to pH 1.2— the liver ereptase is 
completely inhibited, although the pepsin is very active. The amino- 
acids appear only at the very slow rate characteristic of the action of 
pepsin alone. In the living tissue the activity of erepsin is evidently 
conditioned by the production of primary cleavage products. These 
in turn are conditioned by the development of acidity within the cell. 
So long as the buffer mechanism within the cell maintains its normal 
-reaction autolysis is completely in abeyance. 

To summarize, we find that the enzyme mechanism of autolysis 
comprises at least two groups of proteolytic enzymes. One acts only 
in acid media and converts the acid tissue proteins into primary cleavage 
products. It is active between pH 7— and 2.6—, and its optimum is 
about 4.5. The second attacks only the primary cleavage products of 
the proteins, producing the amino-acids. It is active between pH 8— 
and 3, and seems to be identical with the erepsin of the intestinal tract. 

The mechanism of atrophy. From the data presented above we may 
form what is probably a fairly accurate hypothesis for relating autolysis 
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to the various normal and pathological atrophies. The normal tissue 
cell is maintained at the reaction of the blood, or pH 7.4. So long as its 
metabolic processes remain in equilibrium with its blood and lymph 
supply there is no accumulation of carbon dioxide, sulphuric acid, 
phosphoric acid or acids of intermediary metabolism. Neutralization 
of these acids, further oxidation of some of them, diffusion out of acid 
ions and diffusion in of basic ions goes on at such rates that the resultant 
reaction remains a constant. 

Under these conditions the cell proteins are in the form of base- 
protein salts (109). The primary protease is inactive, the ereptase 
active but inoperative, and the amino-acids present in the cell are in 
equilibrium with the proteins and in diffusion equilibrium with the 
amino-acids of the blood. Any prolonged increase of metabolism within 
the cell without compensatory increase of the circulation about it 
would lead to an acidotic shift within the cell. Such shift, resulting 
from excessive acid production, leads to a rise in the H-ion and a change 
from base- to acid-protein. Primary cleavage results and the products 
are further disintegrated by the ereptase. The excess amino-acids 
diffuse out into the blood and lymph until an equilibrium is again 
attained. The net result of these steps is a cell of decreased mass and 
presumably of decreased metabolism, and the decrease continues until 
accurate adjustment between the cell and its blood supply is reéstab- 
lished. Any increase in acid production in cell or tissue beyond the 
capacity of the buffer mechanism to immediately dispose of must 
automatically tend to atrophic changes of mass. 

We may apply this conception to a number of typical atrophies rep- 
resenting both normal and pathological conditions. The interpreta- 
tions here offered are not all of them definitely proven. They represent 
however the field in which many of the future problems of autolysis must 
be worked out, and are therefore presented as tentative interpretations 
subject to change with new data. 

1. The liver is particularly liable to intoxications and atrophic 
changes. Phosphorus poisoning leads to an acute atrophy in the course 
of which the entire liver is apparently destroyedandautolyzed. Phos- 
phorus accumulates in the liver probably in the lipoid phase in which 
it is freely soluble. Like all strong reducing agents it produces as- 
phyxial conditionsin the cell whichleadtoaciddevelopment. Inaddition 
phosphoric acid is probably produced in the oxidation of the phosphorus. 
While phosphorus added to a stoppered liver digest does not increase 
autolysis, as Jacoby showed, it can be made to do so by passing a stream 
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of air through the mixture. In any event the liver cells become markedly 
acidotic, die, and autolyze rapidly and completely. 

2. In phosgene poisoning the alveolar lining of the lungs swells, 
disintegrates, sloughs off, and in general gives every indication of rapid 
and complete autolysis. Phosgene is a gas which is soluble in both 
lipoids and water. In the latter it is rapidly hydrolyzed thus:— 
COCk + = 2 HCl + CO... The gas penetrates the alveolar cells 
almost instantly and is as rapidly converted into hydrochloric acid. 
The cells die and begin autolyzing at exceptional speed on account of 
the high acidity developed within them. Chlorpicrin and other as- 
phyxiating war gases owe their toxicity to this mechanism. 

3. “Mustard gas’ is perhaps the most striking example of a poison 
depending for its action on penetration followed by acid production. 
Dichlorethylsulphide is soluble in lipoids and fat solvents; it volatilizes 
slowly, is only slightly soluble in water, and hydrolyzes as follows: 
(C:H,Cl).S + 2H,O = 2 HCl + (C,H,OH).S. Marshall and his co- 
workers (110), (111), (112) have shown that ‘‘mustard’”’ penetrates the 
skin by virtue of its organo-solubilities. Penetration is very rapid to the 
active dermal cells where the material concentrates in both the water 
and lipoid phases. Hydrolysis goes on slowly so that some hours after 
coniact the developing hydrochloric acid starts the autolytic mechanism 
and eventually kills the cell. The rapid blistering and necrosis after the 
process first becomes evident is an expression of the speed with which the 
autolysis goes on under these conditions of excessive development of a 
strong acid within the cells themselves. In severe burns the whole 
area may digest and slough off, producing a lesion of marked chronicity. 

The hydrolysis of “mustard” within the cell was definitely demon- 
strated by Lillie, Clowes and Chambers (113), who found that starfish 
eggs in water containing freshly dissolved gas absorbed some of it, and 
after a latent period during which development was normal, underwent 
necrotic changes and died. The products of ‘‘mustard” hydrolysis 
however had no effect on the developing eggs since they did not penetrate 
them. If the material was injected by micro-pipette into the cell there 
followed a similar latent period and then rapid degeneration. An 
equivalent amount of hydrochloric acid injected produced the necrotic 
changes of a similar grade at once. 

In a further study of derivatives of ‘‘mustard’’ Marshall and Williams 
(114) found that those derivatives which had solubilities similar to 
“mustard,” and on hydrolysis produced acids, were also the derivatives 
which were effective in producing skin burns. 
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4. The liver is subject to injury by toxins of biological origin (115), 
(116), (117), (118). Thus the injection of hemagglutinins, tetanus 
and diptheria toxins, streptococci and their decomposition products, 
has been found to injure the liver and lead to necrotic changes suggestive 
of some clinical conditions such as the liver in eclampsia or acute yellow 
atrophy. Jackson and Pearce studied the autolytic mechanism induced 
by injections of hemagglutinins. In certain cases the animals died 
early with the liver intensely congested and the capillaries plugged with 
thrombi of fused red cells. The animals which survived the immediate 
effects of the injection showed either a diffuse degeneration of the liver, 
or an organ dotted with focal necroses. The nitrogen output in the 
latter type was slightly elevated but normal in its ammonia-urea ratio. 
In the diffuse degenerating livers the ammonia-urea ratio was abnor- 
mally high. The authors interpret this as indicating that the hepatic 
function was obliterated in these animals while in those with focal 
necroses some cells were destroyed but enough normal tissue was left 
to carry on the hepatic functions. It is probable that there was a 
general acidotic effect in the diffuse degenerating cases which would also 
give a high ammonia-urea ratio. The authors believe there is evidence 
of protein storage in the early stages of intoxication, but in view of the 
intense congestion of the liver described it seems more likely that the 
increased protein represents the excess of blood (119). However this 
may be, the process as a whole illustrates the intoxication of the cells 
with altered metabolism, together with a reduced blood supply, tending 
toward asphyxial conditions, injury or death and consequent atrophic 
changes by the autolytic mechanism. 

5. Acute yellow atrophy is a striking example of an idiopathic injury 
to the liver cells resulting in almost complete destruction and digestion 
‘of the liver tissue. In a case reported by Wells (120), the liver had 
shrunk to half the normal size before the death of the individual. In 
this case the parenchyma had autolyzed away while the stroma re- 
mained intact or perhaps proliferated to some extent. The liver was 
consequently much richer in gelatin-forming tissue than the normal. 
Connective tissues as a class do not autolyze and are rather resistant to 
digestion by enzymes from the leucocytes. In our own studies we have 
set up digests of mature cartilage and white fibrous tissue which showed 
no measureable increase of amino-acids after weeks in the thermostat. 

6. Chloroform causes a more or less profound atrophy of the liver 
depending upon the length of exposure (121), (122), (123), (124), (125), 
(126). From non-fatal doses the organ recovers completely. Accord- 
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ing to Graham, the necrosis is caused by the break up of chlorform in 
the liver cells through phosgene to hydrochloric acid, and this would 
easily account for the autolytic changes which are found under way in 
such a liver. Graham has also shown that other halogen compounds 
similar to chloroform produce similar liver lesions and in proportion to 
the hydrochloric acid produced. Other chlor-compounds, like chloral, 
do not break up with the liberation of the halogen acid and these do not 
affect the liver. Iodoform and bromoform both cause liver degenera- 
tion, and the excretion of iodides and bromides in the urine makes it 
clear that the halogen acids are produced somewhere in the body. 
The liver lesions make it seem fairly certain that this decomposition 
takes place in that organ. 

7. Atrophy of the mammary gland after lactation is a typical physio- 
logical example of autolysis resulting from diminution of the blood 
supply. Leaving the gland partly distended with milk hastens the 
atrophy through pressure, which cuts down the blood supply still more. 

After parturition the mammary glands in some women produce an 
excessive secretion of milk, become tense with pressure and often 
painful. This great initial pressure regularly leads to a diminution 
through atrophy so that within a few days the supply of milk diminishes 
autcmatically. It is common practice in such cases to anticipate the 
excessive secretion by bandaging the breasts soon after delivery and 
thus initiating the atrophic changes and avoiding the over-production. 
It is also the practice to bind the breasts and leave them but partly 
emptied during the weaning period. In both these cases autolysis is 
initiated by pressure stasis and asphyxial cell-acidosis resulting from it. 

8. Uranium salts produce nephritis with atrophic changes in the 
kidney cells. MacNider (127), (128) found that the administration 
of bicarbonate in considerable amount decreased the extent and severity 
of the lesions. It seems plausible that the excess alkali helped prevent 
the cell acidosis and so lessened the autolytic digestion. 

9. Following parturition the uterus contracts, squeezes out the blood 
and lymph, and in the course of a few days or weeks atrophies to its 
resting size. The process is commonly hastened by administering ergot 
or some other drug inducing contraction in smooth muscle. The 
sustained contractions of this organ may be assumed to cut down blood 
supply. Carbon dioxide will be produced in increased amount, while 
it and the organic acids will be less effectively removed or neutralized. 
An organ-acidosis results which initiates and promotes autolysis, until 
the organ is again in equilibrium with its blood and lymph supply. 
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10, Contractions of the uterus are set up at term in some way not 
fully understood. There may be a number of factors which are opera- 
tive in bringing on the expulsive contractions, the most probable are 
that they are started by some chemical hormone. It seems not improb- 
able, at least, that autolysis may be an important factor. It is well 
known that protein cleavage products cause uterine muscle to contract 
(129), (130), (131), (132), (133). <A certain threshold concentration is 
necessary before the organ responds. Any considerable separation of 
the placenta in late pregnancy mustalter the blood supply tothe separated 
area. If this separation is large enough the protein cleavage products 
produced in its autolysis would probably be sufficient to induce con- 
tractions. The settling of the fetus as term is approached, its more and 
more vigorous muscular movements, are both calculated to increase the 
strain on the adherent placenta. If a small separation only occurs it 
would perhaps fail to produce cleavage products in sufficient concentra- 
tion to start active contractions. It might however account for the 
frequent preliminary contractions so often noted as term is approached. 
It is well known that a fall or a severe jar or even the mild shaking 
incident to an automobile ride is sufficient to start the process in many 
cases, and it is noteworthy that contractions do not begin at once, 
but after a latent period of some hours. This would correspond very 
well with the time required after such a separation to induce asphyxial 
development of acidity in the placenta and the production of the early 
cleavage products. It has long been known that the placenta contains 
proteolytic enzymes similar in character to those found in other tissues 
(134), and we have found that it behaves to acids and alkalies exactly 
like other tissues. At the optimum acidity the placenta will autolyze 
400 per cent faster and farther than the control sample. 

11. Voluntary muscle autolyzes slowly and incompletely. It is 
however influenced by the tissue reaction in the same sense as the more 
actively autolyzing gland structures (135), (136). An inactivated 
muscle gets less blood than an actively contracting one. Thus the arm 
hanging in a sling for some weeks shows considerable muscle atrophy. 
With this decreased mass goes a very large part of the contractile power 
of the muscle. When the muscle is again allowed to contract it gradu- 
ally hypertrophies again to its normal mass and strength. Jn vitro 
experiments show that muscle autolyzes only about a quarter of its 
proteins under the most favorable conditions of reaction. The rest of 
the tissue is not hydrolyzed. It consists of connective tissues and 
muscle structural proteins which are not rendered available for auto- 
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lytic cleavage even by acidity. It would appear that the protein 
fractions which are available material for the enzyme cleavage are 
particularly concerned with contraction, since removal of all or part of 
this fraction by atrophy in vivo removes at the same time practically 
all of the contractile power. 

12. The atrophy of the tadpole’s tail during the metamorphosis is an 
interesting example of the complete autolysis of a muscular organ. 
Gudernatsch (137) first showed that this atrophic phenomenon may be 
markedly accelerated by feeding thyroid material to the tadpole, and 
this has been confirmed by Morse (138), West (139) and others. It has 
been pointed out that the phagocytes play an important réle in this 
process although Morse found no excessive number present in the 
tissues examined by him. : 

The explanation of the process is this: With the approach of the 
larva to maturity the bony structure known as the urostyle impinges 
more and more on the blood supply to the tail. Atrophic changes re- 
sult Eventually cells die and the phagocytes invade the tissue adding 
their less specific enzymes to those of the tissue itself. As the blood 
supply diminishes slowly there is opportunity and time for the complete 
removal of the cleavage products as they are formed little by little 
throughout the tail. As is to be expected, there is no gross evidence of 
increased autolysis on testing the tissue. Even in thefulminatingautol- 
ysis of the liver in acute phosphorus poisoning Jacoby found no accumu- 
lation of amino-acids until the circulation was lessened. Nor would it 
be expected that the tails would show an increased rate of autolysis in 
vitro. The asphyxial changes affect only a few outpost cells at a time, 
so that at any one moment there would be no gross increase of acid or 
of cleavage products in the tail as a whole. 

The significance of the results of Gudernatsch lies in theincreased 
rate of developmental changes resulting from thyroid, not in any specific 
effect which it, or other iodine compounds have upon autolysis (140), 
(141), (142), (148), (144), (145), (146). With rapid growth of the uro- 
style under thyroid feeding, the train of results depending on these 
changes must also go on at an accelerated rate. 

13. Some epithelial tissues are particularly sensitive to x-ray radia- 
tion or exposure to radium. Such cells are injured in some way by the 
radiation, their metabolism is interfered with and they suffer atrophic 
changes. If rayed sufficiently they are destroyed. In the recent 
studies of Warren and Whipple (147) the great sensitiveness of the 
epi-helium of the small intestine is described. The cells in the crypts 
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appear more sensitive to the rays than at the tips of the villi. The 
microscopic picture of this tissue shows such very rapid disintegration 
of these cells as compared with the unrayed, that we should be inclined 
to suggest that autolysis was being reinforced by the enzymes of the 
digestive tract, trypsin and erepsin. If the cells are killed by the rays 
there is good reason to suppose their proteins will fix these proteolytic 
enzymes at once, while the protoplasm of the living cells does not have 
this property. Thus the dead cells carry with them to the digestion 
chamber enzymes in addition to the intracellular autolytic proteases, 
while the cells which were still living at the time the tissue was removed 
do not. 

14. The brain is considered rather resistant to autolysis (148). 
This resistance is due however to its exceptional blood supply, its 
mechanism for increasing ventilation and blood flow to offset a develop- 
ing acidotic shift within itself, and to the relatively small protein con- 
tent of the brain. Of the proteins there too only a fraction becomes 
available in autolysis, the rest are structural and are not digested even 
under the best conditions. The brain behaves like other organs in re- 
lation to acidity and alkalinity (149), (150), and any asphyxial condition 
localized in some part of it through pressure, thrombosis, trauma, ete., 
results in digestion. 

15. The softening of overgrowths and neoplasms is an example of 
autolysis induced by alterations in the blood supply. This may be 
caused by the contraction of freshly laid down fibrous tissue, so that 
capillary tufts are pinched off and their dependent tissues autolyzed. 

16. In general acidosis and fevers the loss in tissue mass is correlated 
probably with acidotic changes within the tissue cells, leading to their 
partial autolysis. 

17. The wastage in anemias seems also to be related to the decreased 
oxygen supplied the tissues with partial asphyxia and autolysis toward 
a new equilibrium between the mass and metabolism of the tissues of 
the body and their supporting blood and oxygen supply. 

18. In starvation we have a striking example of slow autolysis by 
which a very large portion cf the proteins of the body is digested and 
thus mobilized for the use of the more essential organs. It is evident 
that the tissues least subject to autolysis in starvation are those whose 
blood supply is most assured, the brain and heart (152). This slow 
autolysis is probably related to blood supply and tissue acidosis as 
in the other cases mentioned. It is certainly not a simple activation 
phenomenon as described by Schryver (151), although activation by 
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increased H-ion probably plays a part. Generalized acidosis is a prom- 
inent and persistent feature in starvation and it is fair to assume that 
it is expressive of conditions within the tissue cells. With loss of muscle 
proteins muscular weakness slowly increases, the individual tends to 
become more and more quiet. Decreased metabolism, decreased blood 
supply, lowered blood and pulse pressures are factors which must auto- 
matically lead to conditions favorable to autolysis (153). Thus the 
essential structures, like brain and heart, survive at the expense of those 
less perfectly supplied with blood. The skeleton persists also with very 
little loss because, along with the other connective tissue, it does not 
autolyze. 

19. The very slow generalized atrophies of advancing age are prob- 
ably also related immediately to a blood supply growing gradually 
less efficient, and leading to a concomitant decrease in the mass of tissues 
maintained in equilibrium with it. 

These are but a few of the more obvious examples of physiological 
and pathological processes in which autolysis plays a réle. Every loss 
of tissue mass which is not merely due to loss of water, involves this 
mechanism. It is safe to assume that every increase of mass, as in 
hypertrophy and growth, involves the same mechanism operating in the 
reverse direction. The factors involved in growth and hypertrophy are 
so much more complicated than in hydrolysis of a tissue that we know 
little of it experimentally. It is obvious that it requires an abundant 
blood supply, and a reaction which insures the stability of the base- 
protein complexes. The interesting observation of Menten’s that in 
cases of carcinoma the pH of the blood is about 7.8 is suggestive (154). 
So too are the results obtained by Fischer in growing fibroblasts in cul- 
ture media (155). The optimum reaction for growth was between 7.4 
and 7.8 and the cells were more resistant to abnormally high alkalinity 
than to acidity. Moore, Alexander, Kelly and Roaf (156) found that 
fertilized sea urchin eggs are never stimulated to growth by increasing 
the acidity of the surrounding medium, but that they are stimulated by 
slight extra alkalinity, and may develop atypical mitotic figures which 
are similar to those seen in malignant tumors. 
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THE ORIGIN AND SIGNIFICANCE OF THE CONSTITUENTS 
OF THE BILE 


G. H. WHIPPLE 
School of Medicine and Dentistry, University of Rochester, N. Y. 


In attempting a review of the many constituents of the bile it is 
obviously impossible for the writer to include all the contributions 
in this field. If some important papers have received too little atten- 
tion the writer hastens to apologize. It is always difficult for a 
reviewer to evaluate with judicial fairness the experimental data of 
other investigators, especially if he has been concerned with experi- 
ments which are not in accord with those under review. No review 
concerned with bile constituents would be complete without reference 
to Stadelmann’s monograph, Der Icterus (51). It would be well if 
all investigators in this field were to read this book from cover to cover, 
for the procedure might conserve to the research journals much valuable 
space. Stadelmann’s reviews and his experiments are models which 
must excite admiration in all students of this subject. It may perhaps 
be convenient to review each important constituent of the bile before 
noting certain facts concerning the whole bile. 

BILE PIGMENTS The bile pigments may or may not be the most im- 
portant constituents of the normal bile but certain it is that they have 
received the largest amount of attention, clinical and experimental. 
Bile pigments appear in demonstrable amounts in the bile canaliculi 
of the normal or abnormal hepatic epithelial cell. It is therefore a 
bit too easy to think of the hepatic cell as the only essential factor in the 
elaboration of bile pigment. But it is well for physician, teacher, 
student and investigator to keep clearly in mind that other body cells 
have the capacity rapidly to change hemoglobin to bile pigment. 

Whipple and Hooper (57) showed that this transformation could be 
brought about within 2 hours in the blood stream of the head and 
thorax with complete liver exclusion. The same workers (18) showed 
that hemoglobin can be transformed into bile pigments within the 
serous cavities during a period of 12 hours or longer. McNee (31) 
and Van den Bergh and Snapper (54) have confirmed a part of this 
work. It is highly probable that the vascular endothelium and serous 
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mesothelium are concerned in these reactions. We wish to emphasize 
the point that these reactions in our opinion are not physiological curi- 
osities but concern the normal bile pigment production. It seems 
probable to the writer that the Kupffer cells are concerned in the 
normal production of bile pigments and it is not a mere accident that 
these cells make up a considerable part of the gross liver tissue in the 
most intimate association with the hepatic parenchyma cells. It 
would seem possible that the formation of bile pigments might be a 
function of both the liver endothelium (Kupffer cells) and the hepatic 
epithelium, the preponderance of activity being determined by factors 
not understood at present. It is suggested that the Kupffer cells may 
be concerned with production of bile pigments from hemoglobin present 
in the blood stream while the hepatic epithelium may be especially 
concerned with the manufacture of bile pigments from other sub- 
stances which (pigment complex fig. C) may be derived from the food 
or body cell protoplasm. 

Our conception of the relations of bile pigment to other body pigments 
is illustrated in a crude way in figure C. Many important factors 
concerning the interrelation of hemoglobin, bile pigment and other 
body pigments have been reviewed by Whipple (56), and we must 
refer to that paper for much of the detailed discussion of pigment 
metabolism. Those interested in the chemical structure of bile pigments 
are referred to papers by Kiister (22), (23), (24). 

It has been claimed by some investigators (Brugsch, Yoshimoto, 
Kawashima (3)) that hemoglobin introduced into the blood stream 
will be quantitatively excreted as bilirubin in the bile. Whipple and 
Hooper (61) have been able to show that in their bile fistula dogs no 
such quantitative relationship holds for hemoglobin and bile pigment. 
It seems very probable that much of the hemoglobin set free in the 
blood stream may be used in the body economy for a variety of purposes 
—among others, the construction of hemoglobin for new red cells. 
For example, it is sufficiently well established that intravenous injec- 
tions of hemoglobin or the destruction of red cells in the body will aid 
in the recovery from simple anemia with consequent upbuilding of 
new hemoglobin (20), (21). It is very probable, however, that the 
hemoglobin in the blood stream is not used directly but only after 
being broken down to the unit structural factors—whatever these 
may be. It may be difficult or almost impossible to prove beyond a 
doubt that hemoglobin may not be quantitatively eliminated as bile 
pigments in the bile but it is relatively easy to show (17) that hemoglobin 
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introduced intravenously, intraperitoneally or intramuscularly will aid 
materially in the recovery to normal from a simple anemia. If the 
introduced hemoglobin may be used to form new hemoglobin it is 
scarcely permissible to state that it is quantitatively eliminated ag 
bile pigment. This point is illustrated graphically by double arrows 
between the pigment complex and hemoglobin in figure C. 

It is well established (58) that the bile pigment elimination in bile 
fistula dogs can be increased by a change in diet—for example, a sudden 
change from a meat to a carbohydrate diet may increase the bile 
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pigment elimination more than 50 per cent. This can be repeated 
time after time and it seems at least improbable that this reaction is 
dependent upon blood destruction. We may wish to explain this 
reaction in part as follows: The meat diet is normal for the dog and the 
increase in bile pigment excretion due to carbohydrate excess may 
represent an abnormal or alternative reaction—a deviation of pigment 
elements and construction into bile pigment for elimination. It is 
possible that some of these pigment elements concerned in this reaction 
might be available under favorable conditions (anemia) for hemoglobin 
construction or under usual conditions (meat diet) for elimination 
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elsewhere than in the bile. Urochrome is a possible end product of 
pigment elements and deserves much more study innormal and abnormal 
conditions. 

The term ‘pigment complex” is used in figure C to indicate a group 
of substances which are essential parts of mature body pigments. It 
is obvious that certain food factors contribute to this “pigment com- 
plex,” as food is directly concerned in the production of new hemo- 
globin and the formation of bile pigments and urochrome. It is equally 
clear that the body protein and cells contribute to this ‘pigment complex” 
as all body pigments are produced in measurable amounts during 
fasting periods. We believe the evidence is sufficient to show that 
hemoglobin as it disintegrates in the body also contributes to the 
‘pigment complex” and so influences in a measure the new formation 
of hemoglobin. It is probable that only a small amount of the destroyed 
hemoglobin is conserved in this fashion. The pyrrol nucleus seems to 
be one of the factors which must be concerned in this “‘pigment com- 
plex” and it is probable that all facts related to pyrrol metabolism will 
have a direct relation to the complicated body pigment metabolism. 
The above points are illustrated graphically in figure C. 

Bile pigments in the bile fistula animal are not increased by the 
feeding of fresh bile pigments or of fresh or cooked blood or of digestion 
products obtained from blood (59). This might be assumed to be 
from lack of absorption. There is no evidence that bile pigment or 
stercobilin are absorbed from the intestine. However, it has been 
shown that the feeding of hemoglobin will influence the curve of new 
hemoglobin construction after anemia (17). This indicates an absorp- 
tion of substances which are concerned with “‘pigment complex” but 
it is clear that these same factors do not influence the output of bile 
pigments in the bile fistula dogs—at least under the conditions of our 
experiments. These experiments are much against the interesting 
suggestion of Wilbur and Addis (64) that there may be a conservation 
of bile pigment factors which are absorbed from the intestine and 
reconstructed into hemoglobin. Perhaps the strongest argument 
against the absorption of stercobilin and its utilization in body pigment 
construction is the fact that bile fistula dogs under observation con- 
tinuously for 2 years or longer show no evidence of pigment lack, no 
anemia, no fall in pigment production and no reaction whatever to 
the feeding of bile pigments. 

A study of the bile pigment output of the Eck fistula liver furnishes 
some interesting facts to consider at this time. Dogs with combined 
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Eck and bile fistulae eliminate less bile pigment than controls—some- 
times but 30 to 50 per cent of normal (60). The Eck fistula liver is 
functionally inefficient and there is no direct contact with the portal 
blood. Both these factors may well contribute to this low pigment 
output but the main point to emphasize is that the pigment output is 
influenced by liver function rather than by the amount of hemoglobin 
waste products formed in the body. We have ample evidence that 
various liver injuries will likewise depress bile pigment excretion— 
again clear evidence that the liver has a constructive function in 
producing bile pigments rather than a simple passive eliminative 
function. 

Certain conditions in bile fistula dogs will cause or be associated 
with a maximal bile pigment elimination—for example, a combination 
of splenectomy and anemia (19). Such periods of maximal bile pigment 
formation are of very great interest and deserve careful study as such 
investigations may lead to a more complete understanding of the 
fundamental pigment stimulus in the body. This is of obvious interest 
to physiologist and clinician alike. 

One last point concerning pigment formation invites speculation. 
We recall that vessel endothelium (including Kupffer cells) and meso- 
thelium (lining cells of serous cavities) can rapidly transform hemoglobin 
into bile pigment. Further, the embryo endothelium in the chick is 
able to develop red blood cells containing hemoglobin (47). We 
recall the embryonic hematopoietic function of the liver containing 
hepatic epithelium and Kupffer cells. We have pointed out the 
intimate relationship between the two types of cell normally concerned 
with bile pigment production (hepatic epithelium. and Kupffer cells). 
The degradation of hemoglobin to bile pigment concerns two important 
cells (liver epithelium and Kupffer cells). May these two cells have 
any capacity for reversing this reaction and may they not be concerned 
with hemoglobin construction or the production of parent substances 
used by the marrow cells which put the finishing touches on the hemo- 
globin of the erythrocytes? There are many suggestive things in 
animal experiments but convincing proof of this point is not yet at 
hand although at times it seems to be almost within one’s grasp. 

UrosiLiIn. It may be debatable as to whether urobilin is a normal 
constituent of bile. However, it is claimed by some investigators 
that it is present in normal human bile (53). These claims are based 
on analyses of bile obtained by the duodenal tube and obvious objec- 
tions may be raised to these conclusions as the bile was in contact for 
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a short time at least with the intestinal mucosa and its intestinal flora. 
Urobilin is constantly present in fasting bile-fistula dog bile (62). 
Urobilin has been observed frequently in human bile under abnormal 
conditions (Wilbur and Addis (64) and others). It has been suggested 
by Brulé and Garban (4) that urobilin is formed directly from the 
hemoglobin by a reaction which goes on in the circulating blood and 
living tisues. However they give no experiments to support this 
very interesting suggestion as it is obviously necessary to exclude 
the participation of the liver. Quadri (41) submits a series of experi- 
ments to show that in vitro the common bacteria cannot change hemo- 
globin into urobilin. 

We must refer to a fundamental error which is unfortunately firmly 
fixed in the minds of clinicians and laboratory workers—the belief 
that stercobilin or urobilin is absorbed from the intestine. We know 
of no evidence of any sort to indicate that urobilin or bile pigments 
are absorbed from the intestine, once we grant that urobilin may be 
present at times in the bile within the bile ducts. We believe that 
urobilin is formed in the liver, particularly in abnormal conditions of 
the biliary tract (cholangitis) but know of no evidence that it is absorbed 
from the intestine—refer to figure C. 

All the evidence at hand indicates that the pigment substances in 
the bile (bilirubin, biliverdin and urobilin) subsequently serve no useful 
purpose and are true excretory substances. There is no evidence for 
any “circulation” of the bile pigments and when this word is used it 
should be limited to the bile salts which are so rapidly absorbed from 
the intestine. | 

Bite sats. In this discussion we may concern ourselves with 
glycocholic (including glycocholeic) and taurocholic (including tauro- 
choleic) acids which are found in the bile as the sodium salts. If our 
ignorance about the complete story of the bile pigments is disturbing, 
then our lack of understanding as to the source and internal metabolism 
of the bile acids is pathetic—this in spite of much careful study and 
investigation. The most important fact to date is the “circulation” 
of the bile acids; by which we mean a rapid absorption of the bile salts 
from the intestine with prompt reappearance in the bile. This fact 
was established very early in the study of bile physiology (49) yet we 
understand nothing as to the control of this reaction in the-body. We 
may be led into a ridiculous position if we choose to argue from the 
few facts established by experimental work—for example, a bile-fistula 
dog excretes considerable amounts of bile acid during fasting periods, — 
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therefore the substance is produced constantly in the body. Again 
we find good evidence that bile acids by mouth in bile fistula dogs 
are promptly and quantitatively eliminated in the fistula-bile—for 
example, 1 gram bile salts by mouth will be excreted quantitatively in the 
fistula bile within 6 hours. In the normal dog whose bile escapes into 
the duodenum we should indeed find an amusing condition—new bile 
acids formed daily and all the bile acids poured into the intestine 
quantitatively absorbed—a vicious circle with rapid transformation of 
the dog into a pillar of bile salt! Evidently there is a mechanism in 
the normal animal which controls the production and destruction of 
bile salts within certain limits but this is a complete mystery. 

One great difficulty was the lack of accurate and rapid methods for 
bile acid analysis and the older work required large amounts of bile, 
much time and expensive chemical extractives. The new method of 
Foster and Hooper (12) is a great improvement and permits of rapid 
and accurate analysis of taurocholic acid in small amounts of dogs’ bile. 
They give a critical review of the older methods. Their method 
consists of hydrolysis of taurocholic acids into cholic acid and taurin. 
The amino nitrogen of the taurin is then determined by the gasometric 
method of Van Slyke. A further modification of this method by 
Schmidt and Dart (48) enables the investigator to determine accurately 
the two separate bile acids, taurocholic and glycocholic. They find 
complete absence of glycocholic acid in dog and sheep bile, a prepon- 
derance of glycocholic in pig’s bile and approximately an equal division 
between the two acids in human fistula bile. 

We may now ask what information has been obtained from fistula 
animals as to bile acid production. For a detailed discussion of these 
factors we wish to refer to the papers by Foster, Hooper and Whipple 
(13). Bile fistula dogs are not wholly satisfactory but are the best 
experimental animal at present and most of the accurate information 
is obtained from observations on these dogs. 

Under normal conditions of health there is great variation day by 
day in the output of bile salts. A part of this variation is due to diet 
factors, and in general the bile salt excretion is much greater on a meat 
diet than on a carbohydrate diet. The actual curve of bile acid secre- 
tion as related to food intake is not easy to determine because of factors 
other than -food which influence bile acid production. For example, 
it has been noted repeatedly that after a fasting period of 2 to 4 days 
or longer the prompt rise in bile acid production following a meat 
feeding may not appear until after the second or third feeding. This 
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suggests a fasting depletion of a reserve material which is made up 
before the customary rise in bile acids appears after meat feeding. 

During fasting periods there is a uniform excretion of taurocholic 
acid in bile fistula dogs. This level of excretion will be lowered some- 
what by sugar feeding and we note an interesting parallel between the 
bile acid excretion and the urinary nitrogen excretion. Of course 
this suggests an important relationship between body protein metab- 
olism and bile acid metabolism. Evidently there is an important 
endogenous factor in bile acid metabolism. 

Within limits, an increase in food protein will reflect an increase in 
bile acid excretion. The level of bile acid excretion can be raised to 
a maximum by meat feeding (exclusive of bile salt feeding). This 
fact suggests that there are important exogenous factors in bile acid 
metabolism. 

The Eck fistula liver furnishes us with very important data: This type 
of liver is known to be functionally subnormal and it produces about 
one-half the normal amount of bile acid on a standard diet. This is 
important evidence that the production of bile acids depends at least 
in part upon the functional capacity of the hepatic epithelium. It is 
generally accepted that bile acids are formed only by hepatic epithelium 
but the evidence for this is fragmentary and, when critically reviewed, 
none too convincing. The Eck fistula liver furnishes evidence to 
support the accepted belief and other experiments will be published 
soon to give further confirmation. These experiments (Smyth and 
Whipple) will show a remarkable depression of bile salt excretion — 
due to small doses of poisons known to act specifically upon hepatic 
epithelium. 

Bile acids can be readily separated into their constituent parts: 
taurochloric acid = taurin+ cholic acid and _ glycocholic acid = 
glycocoll + cholic acid. Both these animo acids are present in the 
body and glycocoll can be formed within the body. Taurin is derived 
probably in large part from the cystein of the food or body protein. 
Under usual diet conditions there is probably an excess of glycocoll 
and taurin available in the body to satisfy any demands made in the 
bile acid synthesis. 

Cholic acid is the determining factor in this reaction and we may as 
well begin with the statement that almost nothing is known about the 
origin of cholic acid in the body and the disposal of any excess of this 
compound other than in the bile. Cholic acid has a structural formula 
which is rather complex but contains no nitrogen. Pregl (40) states 
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that cholic acid is a hexahydroxybenzene and structurally related to 
turpentine and camphor. A considerable literature on this subject 
has been recently reviewed by Foster, Hooper and Whipple (14). 
In that paper sufficient evidence is submitted to prove that no physio- 
logical relationship exists between camphor and turpentine and cholic 
acid. 

The same holds for cholesterol which has often been suspected as 
the precursor of cholic acid (2), (65), but careful experiments negative 
this interesting suggestion. In the same series of experiments (14) 
it was shown that red cells fed by mouth or hemolyzed and introduced 
intravenously had no influence on the bile acid excretion. A recent 
paper by Beth (2) reviews the suggestion that bile acids are derived 
by the disintegration of cholesterol. He claims that this interesting 
reaction takes place within the Kupffer cells but we were unable to 
locate the data to establish this claim. Further objection to this 
work may be made on the grounds that the material is obtained by 
the duodenal tube. One must be guarded in the study of this material 
as analyses can be at best qualitative, as we are dealing with unknown 
dilutions and confusing additions of gastric and duodenal secretions. 
We may conclude that cholic acid is the limiting factor which determines 
the level of bile acid excretion in fistula bile but the origin and fate of 
cholic acid are obscure. 

In this connection we may note that taurin intravenously has no 
effect on the excretion of bile acids(14). Taurin plus cholic acid by 
mouth causes a notable cholagogue action and increase in bile acid 
output just as taurocholic acid by mouth. Evidently these substances 
have a strong physiological attraction within the body for we note 
the same effect if the cholic acid is given by mouth and the taurin 
intravenously. Cholic acid fed during long fasting periods gives a 
minimal output of bile acids but fed during full diet periods gives a 
maximal output of bile acids with the usual cholagogue action. We 
believe this reaction is to be explained by the available supply of taurin 
within the body which is at a low level during fasting but not during 
full diet periods. 

The bile acids are generally believed to be formed only by the activity 


of the hepatic epithelium, as stated above. These substances are looked 


upon as true secretory factors as they serveauseful purpose in the diges- 
tive process within the intestine. We recognize a significant influence 
exerted by the bile acids upon fat digestion and intestinal putrefaction. 
It would be of great interest to learn whether the bile acids are con- 
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cerned with any of the endogenous fat metabolism reactions which take 
place within the liver. There are scores of interesting possibilities 
connected with bile acid metabolism but space does not permit such 
discussion. 

DISSOCIATION OF BILE CONSTITUENTS. Stadelmann was the first 
to call attention to this interesting fact. He emphasized the versa- 
tility of the hepatic epithelial cell. It is very easy to give examples 
in which one or the other of the bile constituents may be increased 
without equivalent increase in other constituents. Hemoglobin given 
intravenously will cause a rise in bile pigments but no significant 
change in bile salts. Taurocholic acid by mouth will cause a great 
increase in total bile flow and bile acid output but the total bile pigment 
may be decreased. Taurocholic acid plus sugar by mouth may show 
no increase in volume but great increase in bile acids. This experiment 
probably shows the maximum power of the liver to concentrate bile 
acids in bile and the concentration may rise to 7 or 9 per cent by weight. 
The water elimination in the bile is obviously influenced profoundly 
by sugar or carbohydrate feeding. Meat feeding will be associated 
with a high bile acid output and a lowered bile pigment excretion. 
Instances need not be further multiplied. Much less is known about 
the fluctuations of the other bile constituents and such data are very 
much to be desired. 

Cuo.tacoGcues. The chief if not the only real cholagogue is whole 
bile or its active principle—that is, the bile acid fraction. The mere 
fact that drugs are claimed to be cholagogues by some and denied by 
others will indicate to the student of bile physiology that the cholagogue 
action is at least insignificant if not absent. We may note the few 
points about which all workers are in accord. Bile salts by mouth or 
intravenously will cause a distinct rise in the volume of bile secreted 
by a temporary or permanent fistula. Likewise a meat diet favors 
an abundant flow of bile in a bile fistula dog but a diet rich in carbo- 
hydrates, especially sugar, will decrease the bile flow under similar 
conditions. That sugar has a distinct inhibiting influence on the bile 
flow can be shown by combining bile salts and sugar by mouth. This 
procedure will give a maximal concentration of bile acids in the bile 
but little or no increase in the volume.of bile. This shows the impor- 
tance of diet as influencing the bile flow. . 

The duration of the cholagogue effect of bile salts depends upon the 
dosage. With a dose of 1 to 2 grams taurocholic acid the cholagogue 
action will be over 4 within 4 or 8 hours and the ingested acid can be 
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recovered quantitatively in the fistula bile. -Larger doses of tauro- 
cholic acid (8 to 12 gms.) by mouth may prolong the cholagogue effect 
for 24 to 48 hours or even longer. It is generally admitted that 
glycocholic acid has a less powerful chologogue effect than has 
taurocholic acid. 

What shall we say of the various drugs advocated as cholagogues 
by certain investigators? We believe the attitude of Stadelmann is 
correct—that one must be critical of claims not supported by uniform 
and distinct increases in bile flow such as may be produced by bile 
feeding. None of the so-called cholagogues stand this test except, 
as stated above, the bile salts (especially taurocholic acid). The sali- 
cylates have many advocates as cholagogues (25), (37) and as many 
report negative results. The writer has never observed any constant 
reaction to salicylates in bile fistula dogs. Neubauer (36) and others 
have studied the effect of pilocarpin, adrenalin and atropin. We find 
no uniformity of reaction or opinion. The changes noted are not 
striking and may or may not be due to the action of the drug on the 
liver epithelium. Large doses of adrenalin are reported (36) to cause 
fall in volume excretion. The same indefinite reactions are reported 
by Weinberg (55), Okada (37) and others following administration 
of dilute acids, soaps, salts, glycerine and albumoses. Downs and 
Eddy (7), (8) report minor fluctuations in bile flow due to a host of 
organ extracts, adrenalin, secretin, etc. Eiger (10) claims to demon- 
strate secretory fibers in the vagus which influence bile flow from the 
liver. The changes are minimal and the writer is not convinced that 
the changes can not all be explained on the basis of simple vasomotor 
reactions. 

We have considerable evidence that certain drugs can relax the bile 
papilla sphincter and perhaps also cause certain constriction of the 
bile ducts and gall bladder. For example, Doyon (9) showed that 
duodenal irritation might cause relaxation of bile papilla and constric- 
tion of gall bladder and ducts. Meltzer and Auer (32) emphasized 
this reaction as caused by magnesium sulfate and recently this has 
been applied to the clinical study of disease (30), (50). Much infor- 
mation of value is to be expected from a careful study of normal and 
diseased humans by this method. There is need, however, for critical 
analysis of these data to guard against too free interpretation of 
results. 

All physiologists who have worked with bile fistula animals under 
anesthesia or shortly after an operative procedure are all too familiar 
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with periods of temporary inhibition of bile flow. Such periods may 
last for hours and seriously interfere with the experimental procedure. 
The cause for this is not understood although it is believed by many 
that operative manipulation of the gastro-hepatic omentum and 
nearby structures will predispose to such a condition. Whether there 
is such a thing as spasm of the smaller bile ducts or actual reflex inhi- 
_ bition of the hepatic epithelial secretion must for the present be left 
an open question. 

In conclusion we may repeat that the only active cholagogues are 
bile or bile salts. A number of drugs are proposed as cholagogues 
by a host of investigators but when we examine the experimental data 
we find minimal fluctuations caused by a variety of drugs—salicylates, 
chloral hydrate, soaps, acids, albumoses, etc., etc. If cholagogue 
action is present it is slight, or delayed or transient and is usually less 
than can be demonstrated as due to food factors (meat, for example). 
Such cholagogue reactions fade by comparison with the reaction caused 
promptly by bile salts. This reaction is constant and lasting and of 
striking volume. When claims are made that a substance is a chola- 
gogue it should always be measured by the standard of the only known 
active cholagogue (bile salt) and to date all such substances fail when 
so tested. 

CHOLESTEROL, PHOSPHATIDS, FATS, SOAPS: Cholesterol appears to be 
the most important member of this group and this is to be explained 
in part by the fact that cholesterol is such an important constituent 
of gall stones. The formation of biliary calculi is of much concern to 
physiologist, pathologist and surgeon. Experimental work with 
cholesterol will be greatly furthered by an accurate, rapid and simple 
analytical method but as yet this method is not available. The bile 
acids, bile pigments and lecithin are sources of trouble in adapting 
methods to cholesterol analysis in bile. 

Suggestions as to the source of cholesterol may not as yet have 
exhausted all the possibilities but their number is legion and the writer 
will mention but a few. Stadelmann (51) suggests its origin from the 
bile duct epithelium and degenerating liver cells. He could find no 
evidence for increase in the bile following cholesterol feeding. On the 
contrary, Fasiani (11) reports an increase in bile cholesterol in bile 
fistula dogs after intravenous injection of large amounts of cholesterol. 
It is fair to say that the rise is only from an average of 5 mgm. per day 
to about 13 mgm. per day after a dose of 1.7 grams intravenously. It 
is obvious that only a very small part of the cholesterol so given is 
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excreted promptly in the bile. Fasiani claims an important relationship 
between the blood and bile cholesterol—any excess in the blood being 
excreted in the bile. We cannot see the evidence to establish this 
point. 

Feeding experiments by D’Amato (6) give similar results but he uses 
ox brain and eggs in the food to give the excess of cholesterol—about 
5 to 6 grams cholesterol per day. This great excess in the food 
increases the bile cholesterol from 6 mgm. to 8 mgm. per day and he 
states that bile is evidently not the chief avenue of elimination for 
cholesterol in the food. Stepp (52) placed rats and dogs on a lipoid- 
free diet for a number of weeks and records a fall in bile cholesterol 
to 10 or 15 per cent of normal found at autopsy. It may be objected 
that these very abnormal diets caused systemic abnormalities which 
were responsible for this low cholesterol level rather than the immediate 
lack of cholesterol in the food. Some very suggestive experiments 
are recorded by Gardner and Fox (15). They report in man on standard 
diets an excess of excretion over cholesterol intake. Cholesterol is obvi- 
ously synthesized in the body if these observations are correct and 
this work should stimulate further investigation in this field. It 
would be very desirable to know whether this excess excretion is present 
both on diets poor in cholesterol as well as on diets rich in cholesterol. 

Among others Chauffard, Laroche and Grigaut (5) have suggested 
control of cholesterol metabolism by the adrenals. They believe that 
the adrenals are the sources of cholesterol and control the body supply. 
It would be somewhat difficult to disprove this possibility but the 
writer can find no proof furnished by the authors that the adrenals 
control cholesterol metabolism and the proof should come from the 
proponents of this hypothesis. Endocrine control of every body 
function may be a fact but much of the present enthusiasm for such 
explanation unfortunately has little or no ballast of solid fact. This 
type of ballast is sadly needed when one embarks on the uncharted 
sea of endocrinology. 

We find repeatedly the statement that cholesterol is the precursor 
of the bile salts, as noted above. Lifschutz (28) goes so far as to claim 
that bile acids are derived quantitatively from cholesterol. Such 
claims are usuallly made by chemists who are impressed by the close 
chemical relationship which is known to exist between cholesterol and 
the bile acids. Windaus (65) for example shows that an identical 
split product can be produced by hydrolysis of the two substances. 
Physiological experiments do not support this claim and in fact exclude 
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the possibility that bile salts in body metabolism are derived from 
cholesterol. The experiments of D’Amato (6) and Foster, Hooper and 
Whipple (14) are convincing. 

The cholesterol content of human bile is given by Nathan (35) and 
Rosenbloom (44). There are very wide variations both in health 
and disease. Human fistula bile contains 0.07 to 0.10 per cent choles- 
terol. Human bile at autopsy is very different in content and may 
vary all the way from 0.06 to 1.06 per cent. The variations are as 
_ great in cases with normal liver findings as in cases with liver and 
biliary tract disease. In the interpretation of analyses of gall bladder 
bile one must not forget the remarkable concentrating power of the 
gall bladder, therefore casual analyses of such bile can have relatively 
little significance as to quantitative values. Cholesterol excretion 
has been studied by means of the duodenal tube but there are serious 
limitations to this method when applied to quantitative analysis. 

To sum up, we may give the few facts which relate to cholesterol 
metabolism. Lipoid-free diets may be associated with low bile choles- 
terol values. Excess feeding of cholesterol gives but trivial increases 
in bile cholesterol. The elimination of cholesterol in man may exceed 
the cholesterol intake, indicating a production of this substance in 
the body. The cholesterol content of human bile varies within wide 
limits and one can determine no uniform relationship to disease. It is 
possible that diabetes and pregnancy are exceptions to this statement. 
The evidence is very strong that there is no physiological relationship 
between cholesterol and bile acids. It is suggested by various writers 
that cholesterol results from secretion of the biliary tract epithelium, 
from liver parenchyma degeneration, from red cell disintegration, 
from general tissue wear and tear, from food cholesterol, from the 
adrenals and other glands of internal secretion, etc. Nobody has as yet 
suggested that cholesterol is derived from the wear and tear of the 
cerebral cortex under the stress of environmental conditions! 

Lecithin has been found in specimens of bile analyzed by chemists. 
This applies to human and animal bile. Rosenbloom (44) gives figures 
for many such analyses. Lecithin is reported usually as less in per- 
centage content of the bile than given for cholesterol but Rosenbloom 
finds more lecethin than cholesterol. The values given for human 
bile vary from 0.05 to 6.4 grams per 1000 ce. bile. The bile of herbivora 
appears to contain less lecithin than does human bile (43). Extraction 
and analysis of lecithin in bile is very difficult. Long and Gephart 
(29) have emphasized the tenacious union which exists between bile 
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acids and lecithin and it is very difficult to separate these two substances 
by extraction methods. 

Jecorin has been found in bile but recent work of Levene indicates that 
this substance is a mixture of two phosphatides, lecithin and cephalin. 
Levene (27) reviews evidence that lecithin from the liver is different 
structurally from egg lecithin but this liver lecithin may or may not 
be identical with the bile lecithin. The writer perhaps has made it 
clear that there is plenty of work yet to be done before an under- 
standing of the origin and significance of lecithin in the bile may be 
approximated. 

Soaps and fats are always reported as present in chemical analyses 
of bile. In many analyses we find the ether extractions lumped 
together. We know of no experimental observations to give infor- 
mation as to normal or abnormal fluctuations in the fat or soap content 
of the bile. Few if any suggestions as to the source of such substafices 
have been made by the workers in this field. We may conclude that 
our ignorance on this subject is approximately 100 per cent. 

MINERAL CONSTITUENTS. So far as is known, the salts are mainly 
chlorides of sodium and potassium, and phosphates of calcium, magne- 
sium and iron. There are traces of copper and traces or no sulphates. 
Inorganic substances in human bile are given as 0.6 to 1.1 per cent, but 
concentrated bladder bile may be much higher in salt content. 

Iron elimination in the bile has been much studied and it is fair to 
say that there are wide differences of opinion. Some workers deny 
the presence of iron in bile but they are in the minority. Some workers 
claim that iron elimination is much influenced by food iron intake. 
Leone (26) claims that in bile fistula dogs the normal level of iron 
secretion (4.2 to 8.2 mgm. per 100 cc. bile) can be raised on a diet 
rich in ironin protein combination to a level of 22.8 mgm. per 100 ce. 
bile. He finds less increase on subcutaneous administration and a 
negative reaction on giving inorganic iron by mouth. The body 
metabolism of iron is certainly not completely understood and infor- 
mation is very much to be desired. A study of the causes of 
fluctuation of iron excretion in the bile will surely give information of 
much value. 

Excretion of the chlorides and phosphates in the bile has been very 
little studied but there is evidence that these salts in the bile have 
some significance. We may give an illustration. Bile fistula dogs 
under observation for many months very often develop bony abnor- 
malities. The essential feature of this condition appears to be a loss 
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of inorganic salts from the bones with a great thinning of all bones, 
and spontaneous fractures of ribs and long bones. This indicates a 
great loss of salts from the body presumably in part through the bile 
and a lack of power of assimilation. We hope to report the complete 
mineral metabolism of these dogs in the near future. Another of the 
many curious factors concerned in this condition is the observation 
that the addition of cooked liver to the usual diet will prevent the 
development of this condition. The main point we wish to make is 
that the bile excretion in bile fistula dogs may be concerned with the 
mineral metabolism of the body and bony framework. 

MIscELLANEOvS. Urea is always present in bile and usually in the 
same concentration as found in the blood and tissues. It is probable 
that its uniform distribution in all the body protoplasm and fluids i is 
sufficient explanation for its presence in the bile. 

Enzymes of various sorts are reported as present in the bile and these 
may or may not be associated with the activity of the tea hepatic 
or biliary epithelium. 

Ethereal sulphates and glucuronates are found in bile but the reason 
for this is not understood. It is probably related to the recognized 
conjugating power of the liver epithelium (38). 

Mucin is present in varying amounts in bile and is thought to be a 
secretion of the gall bladder epithelium. This substance is a nucleo- 
protein. The significance of this substance in the bile is not understood. 

GALL BLADDER AND BILE pucts. The interrelation between the 
gall bladder, the bile ducts and the flow of bile has been the subject for 
many dissertations. It was recognized that bladder bile was much 
more concentrated than duct bile but it was debated whether this was 
due to absorption of water in the gall bladder or the addition of solids 
by the bladder epithelium. Rous and McMaster (45) have answered 
some of these questions by means of carefully controlled experiments. 
They show a remarkable power of bile concentration inherent in the 
gall bladder which in the dog can concentrate whole bile to } or 1’5 
the original volume during a 24-hour period. Simple passage through 
the gall bladder may concentrate whole bile to 4 or } its original volume. 
Rous and McMaster (45) further studied pure secretion of hepatic duct 
epithelium and found it to be water clear, of low specific gravity, con- 
taining traces of cholesterol. 

Periodic discharge of bile from the gall bladder has been assumed but 
little studied. Recently experiments have been performed to throw 
light on this question by the use of dyes introduced into the gall bladder 
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(1). In dogs it was found that irritation of duodenal mucosa called out 
a flow of duct bile but not gall bladder bile, as has been assumed by 
many investigators using the duodenal tube and bile analysis. Stimu- 
lus of various nerves and even the wall of the gall bladder called forth 
no response and outpouring of bladder bile. Dyes introduced into the 
gall bladder were found after 1 to 3 days but not after 7 days. All 
this indicates a slow and very irregular filling and emptying of the 
gall bladder and our knowledge as to the controlling factors is obviously 
very fragmentary. 

BILE SECRETION. The flow of bile in most animals with or without 
gall bladders is fairly continuous. There are periodic fluctuations in 
bile flow and bile production which may depend upon sphincter con- 
trol of the bile papilla, stimulation of the duodenal epithelium, food 
factors, nerve stimuli, vascular changes, etc. When an investigator 
attempts to determine which single factor is concerned in any given 
bile flow reaction there is indeed need for caution and guarded conclu- 
sions. 

The amount of bile produced varies with many factors—known and 
unknown. Much recorded data from human bile fistula cases is 
available (Stadelmann (51), Pfaff and Balch (39) and others). The 
volume in such cases may vary from 500 to 1000 cc. per 24 hours. A 
great amount of data on bile fistula dogs is available and some of these 
facts have been reviewed recently by Wisner and Whipple (66). Collee- 
tions of bile for 24 hours in 6-hour samples show a number of interest- 
ing details. One is surprised to note little if any decrease in bile flow 
during night periods. These bile fistula dogs show no constant varia- 
tion in bile pigment excretion during the different 6-hour periods. ‘There 
are considerable variations in pigment output but the reasons for such 
variations are not clear. Bile acid production is much higher on a 
meat diet than on carbohydrate feeding, as noted above. On a meat 
diet one notes a slight falling off in bile acid secretion during some of 
the night periods but this is not so evident in the carbohydrate feeding 
experiments. For these dogs the volume output per 24 hours averages 
between 10 and 20 ce. per kilo body weight. 

The secretion pressure of the bile is low in all animals. Values of 
210 to 375 mm. bile are recorded for dogs and cats by Herring and 
Simpson (16) in acute bile duct obstruction. Similar values are re- 
ported by Mitchell and Stifel (34) in cats and dogs after chronic ob- 
structions of 2 to 6 days. Similar observations in human patients 
have been recorded by Robitzchek and Turolt (42). The pressure 
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in such cases was 210 to 270 mm. bile. Various drugs like atropin or 
pilocarpin have little or no effect upon this level of secretion pressure. 
Evidently there is a pressure level (commonly 210 to 300 mm. of bile) 
at which bile secretion and bile absorption are in equilibrium. 

This obstruction pressure does not in any sense inhibit the production 
of bile and it is common knowledge that the bile constituents promptly 
appear in the blood and urine. This results in a clinical condition of 
icterus which does not concern us at this time. We may inquire as 
to the escape of the bile constituents from the bile passages in biliary 
obstruction. Mendel and Underhill (33) gave experimental evidence 
that dyes and chemicals injected into the bile passages escape by way 
of the blood stream and only incidentally by way of the lymphatics. 
Whipple and King (63) gave proof that the bile pigments in biliary 
obstruction escape promptly by means of the blood stream and appear 
in the urine. This reaction was not modified by a thoracic duct fistula 
and the bile pigments appeared more promptly in the urine than in 
the thoracic duct lymph after a biliary obstruction in the dog. We 
may conclude that during biliary obstruction the absorption of the bile 
constituents is effected mainly by the liver blood capillaries and only 
to a slight extent by the lymphatics. 

BILE FLOW NECESSARY FOR LIFE? The question as to the necessity 
of bile to normal life and function may be answered in the affirmative. 
There may be doubts in the minds of physiologists and clinicians as 
to whether obstruction of bile or deviation of bile from the intestine 
to the exterior (fistula) will invariably give fatal results. We believe 
the evidence is becoming more convincing that bile is a necessary life 
factor. To be sure we observe human beings with long-standing ob- 
struction who live months and “die of cancer.” But it is not easy to 
state the cause of death in such cases nor simple to predict what would 
have been the story in the absence of the tumor complication. 

Bile fistula animals appear to tolerate the exclusion of bile over con- 
siderable periods of time without. serious impairment of health. Diet 
is an important factor in this equation. For example, a fistula dog 
will usually die within 2 months with acute intestinal disturbance if 
kept on an ordinary diet of kitchen scraps. A diet of milk, cooked 
potatoes, rice and bread will prolong life considerably and such dogs 
may live in good condition for 4 to 10 months and die with advanced 
bony abnormalities, as noted above. Abnormal pigment disturbances 
and true purpura with fatal hemorrhage may develop in such dogs. 
Addition of cooked liver to the above diet will usually improve the 
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condition and prolong the period of health in these fistula dogs but 
they are apt to suffer at times from some of the conditions noted above. 

Bile fistula dogs with tiny fistulous tracts connecting with the duode- 
num may live for long periods in perfect health and function. The 
amount of bile gaining entrance to the duodenum is very small and can 
scarcely exceed 10 or 20 per cent of the total flow which escapes through 
the external fistula. This shows how little bile may serve to change the 
entire clinical picture from abnormal to normal. The same amount of 
bile by mouth will not have any similar effect. 

We feel safe in concluding, with certain minor reservations, that 
secretion of bile into the intestine is necessary for normal health and 
even for actual continuation of life beyond a few months’ period. 
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NON-PROTEIN NITROGEN OF BLOOD IN HEALTH AND 
DISEASE 


OTTO FOLIN 
Department of Biological Chemistry, Harvard Medical School, Boston 


It has been known for nearly a hundred years that patients suffering 
from Bright’s disease must be poisoned by their own waste products. 
These patients often passed little or no urine, and from them emanated 
the characteristic odor of decomposed urine, so that it did not require 
any unusual degree of scientific imagination to recognize the fact that 
the blood and tissues of these subjects must be loaded with the materials 
which normally find their way into the urine. For many decades the 
subject, nevertheless, did not progress very far beyond the concept 
conveyed in the term uremia. All attempts to show that the uremic 
coma is due to any specific urinary ingredient, such as urea, ammonia, 
potassium or the “‘extractives,’’ were failures; nor did the investiga- 
tions purporting to elucidate such specific causal connections particularly 
advance the available knowledge concerning the chemical composition 
of blood in Bright’s disease, in other diseases, or in health. The early 
chemical proofs that normal blood contains urea were necessarily crude 
and would probably never have been accepted as proofs at all, if it had 


-not been for the fact that the presence of urea was on a priori grounds 


so probable that no one seriously questioned it. Such tests as the 
identification of urea nitrate crystals (Schmidt, 1846), or the change in 
form of sodium chloride erystals produced by the presence of urea 
(1840-1855) were, of course, not capable of advancing the subject. 
It is scarcely worth while to try to sift the intricate mixture of illusion, 
correct observations, and correct guesses which is represented in the 
early literature alike of the clinical investigators and the metabolism 
workers. Their reasoning power was necessarily much superior to their 
analytical skill or their meager laboratory facilities, and their analyti- 
cal data could have been little more than mere ornaments attached 
to good, logical conclusions. The figures for some constituents might 
be fairly accurate; reasonably plausible figures for the urea content of 
different kinds of blood were published as early as 1850 to 1860. 
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The correctness of the concept that waste products must accumulate 
in the blood when the kidneys fail to perform their function in the for- 
mation of urine was established as early as 1821, when Prevost and 
Dumas showed that extirpation of the kidneys was followed by a gradual 
increase of the urea content of the blood—a finding repeatedly verified 
by other well-known investigators during several following decades. 

Many recognized, of course, that little progress could be made on 
the basis of qualitative tests for urea or other urinary constituents in 
the blood, but it was one thing to see the need of suitable methods and 
quite another to find them. The earliest quantitative methods, bor- 
rowed from the field of urine analysis, such as weighing the isolated urea 
nitrate, or Liebig’s mercuric oxide titration, or the laborious CO: 
method of Bunsen, were elusive tools in the hands of early nineteenth 
century clinicians. Kjeldahl’s method for the determination of nitro- 
gen did not come. out until 1883, and before the discovery of that 
method there can scarcely be said to have existed the possibility of 
acquiring any comprehensive information concerning retention or the 
normal levels of the non-protein nitrogenous products in blood. The 
older Knop-Hiifner hypobromite method, in the form of innumerable 
modifications, was assiduously applied for many years after it had been 
abandoned by the chemists. This method is in fact still used in some 
places, notably in France. And, inaccurate as it is, it doubtless did 
good service, at least to the extent of keeping up interest in the problem 
of urea retention in nephritis. Widal’s work is still largely based on 
urea determinations obtained by means of the hypobromite process. 

While Kjeldahl’s ingenious method supplied a sound basis for reliable 
determinations of the nitrogen, not only in blood, but in all kinds of 
biological material, its application to the study of the non-protein 
nitrogen in blood was neither particularly extensive nor particularly 
fruitful until Strauss (1) in 1902 made his well-known attempt to clas- 
sify the various forms of nephritis partly on the basis of the amounts 
of non-protein nitrogen found in a large number of such patients. 
Strauss worked with blood serum. This comparatively early contribu- 
tion of Strauss is now perbaps only of historical importance, as it 
has been replaced by more detailed and accurate classifications, such 
as those of Volhard (2), in which due attention is given to the rest-N 
of the blood. A detailed account of these important studies of various 
forms of nephritis does not come within the scope of this article because 
they are predominantly clinical. 
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The expression “non-protein nitrogen’ has of late replaced the earlier 
term “‘uncoagulable nitrogen,” while some writers have used the non- 
descript expression “‘rest-nitrogen.’”’ The terminology used is as yet 
of minor importance because it is not at present possible to describe 
all the nitrogenous products present in the filtrates used for analysis; 
and those products, moreover, differ to an appreciable extent according 
to the methods used for removing the colloidal protein materials. These 
differences in the total non-protein nitrogen of filtrates obtained by 
different methods of removing the albuminous materials are interest- 
ing, for all the methods in common use do remove the coagulable pro- 
teins and do leave in the filtrate the common waste products (or at 
least the urea), as well as the amino acids. The different values given 
by different processes for obtaining the filtrates indicate, therefore, 
that there are present in blood some products which are partly thrown 
down together with coagulable proteins and partly escape precipita- 
tion, and that the extent to which this is the case depends on the 
character of the method used for precipitating the proteins. 

Abel (3) bas obtained results indicating that these unknown products 
give certain protein reactions, and he suggests that they are peptones; 
while Folin and Berglund (4) have pointed out that since the products 
are more abundant in corpuscles than in plasma the products may be- 
long to the histones. Neither of these interpretations covers the 
important fact that the unknown nitrogenous products in blood filtrates 
are greatly increased in bloods in which there is excessive retention of 


_nitrogen, for in such bloods the undetermined nitrogen is even more 


abundant in the plasma than in the corpuscles. These facts are re- 
ferred to bere only to empbasize the point that it is not possible at present 
accurately to define the nitrogenous materials contained in the blood 
filtrates by means of which we study the “‘uncoagulable nitrogen” 
the “non-protein nitrogen” or the ‘‘rest nitrogen’ of blood. Tbe prod- 
ucts contained in these filtrates can be classified in three groups: 

A. The nitrogenous waste products. 

B. Absorbed nitrogenous food materials. 

C. Undetermined materials, including some undetermined waste 
products, some undetermined absorbed food products, and in addition 
some products of unknown origin. 

It may be pointed out that the modern interest in the non-protein 
nitrogen of blood as an essential factor in the interpretation of normal 
protein metabolism was revived about the same time as the clinical 
importance of nitrogen retention began to take on added interest through 
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TABLE 1* 
Sample analyses of protein-free blood filtrates obtained by means of tungstic acid 
MGM. PER 100cc. BLOOD 
NUMBER 
Total N Urea N Uric acid ares Pe... Sugar 
1 26 10 1.3 1.5 6.0 89 
2 26 13 1.0 1.4 5.3 100 
3 28 12 1.1 1.2 6.7 98 
4 28 12 2:2 2.0 5.7 83 
5 29 13 3.3 1.5 6.0 86 
6 29 11 2.6 1.4 5.2 95 
7 29 13 1.6 1.4 6.0 85 
8 30 13 2.4 1.6 5.5 82 
9 30 14 4.1 1.7 5.3 82 
10 32 15 2.8 1.6 5.4 91 
11 32 15 3.4 1.4. 5.3 97 
12 32 13 2.4 1.7 6.0 104 
13 33 17 2.0 1.3 4.8 83 | 
14 33 16 2.5 1.6 5.7 105 
15 33 - 15 1.1 1.6 5.5 95 ! 
16 34 16 0.8 1.3 6.1 119 
17 34 16 2.6 1.5 5.9 106 y 
18 35 17 2.1 1.6 6.0 89 : 
19 35 17 2.0 1.4 5.5 77 
20 35 18 2.0 1.7 5.7 86 
21 35 18 2.9 1.6 5.8 95 
22 35 17 3.2 1.4 5.5 94 
23 35 18 2.5 1.5 6.0 89 
24 35 19 ie 1.5 5.3 91 
25 35 22 3.5 1.4 5.7 87 | 
26 35 17 2.3 6.7 6.7 83 | 
27 35 18 1.6 1.3 6.5 104 
28 36 17 2.8 1.5 5.2 100 
29 37 18 2.1 1.5 5.5 94 q 
30 38 18 2:3 1.7 5.4 95 
31 39 18 2.6 1.8 6.7 103 
32 39 18 2.9 1.5 6.0 87 
33 40 18 2.0 1.6 6.0 98 
34 40 20 2.6 We 5.6 95 | 
35 41 19 4.8 1.5 5.9 93 | 
36 41 19 4.2 2.5 6.6 109 
37 43 19 2.2 1.7 6.3 78 
38 139 106 5.4 12.5 19.4 99 
39 147 115 8.9 11.0 20.5 170 | 
40 275 237 14.3 13.6 27.2 157 
* Folin and Wu: Journ. Biol. Chem., 1919, xxxviii, 109. 
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TABLE 2* 


Normal minimum, maximum and average blood content of non-protein nitrogenous 
products (from 12 young men) 


PLASMA PER 100 cc. 
| z\y 
Bis 
= = | 
mgm.|mom mgm. ‘mgm mgm ‘mgm. ‘mgm. mgm.\mgm 
After a night’s fast | | 
5.7 8. 9110. 1/27. 8| 4.3) 9.6] 1.818.0) 6.7) 7.7 18.3 37.7 
7.8/15. 217. 539. 6. 217. 3/11.5 30. 0 10.7 713, 233. 8/55. 0 
After carbohydrate | | | | | | 
Minimum............. | 4.9) 8.0) 6. 4 21.0, 3. 5 9. 2) 1.8,17.0, 5.9) 5.2) 9.0,24.8 


* Folin and Berglund: Journ. Biol. Chem., 1922, li, 415. 


TABLE 3 


Illustrating substantial uniformity in the retention of the several nitrogenous 
waste products (Not previously published) 


WHOLE BLOOD PER 100 cc. | PLASMA PER 100 cc. | CORPUSCLES PER 100 cc. 
| | | 

Elei | | | | | 

ela] | | | 4 

| vol. 
mg.|mg.| mg. | mg mg mg. | mg mg.| mg mg. |mg.|mg.| mg. mg.| mg. | mg.| mg.| mg. 
cen 
1 13) 1.8) 3.7)19 | 39 /4.3) 13) 1.8) 3.7) 20) 39) 5.9 13 1.8/3.7 18; 39) 45 
2 (6.4| 49) 2.0) 4.5) 7.4) 65 15.8) 47) 2.3) 6.4 18) 74) 7.2) 52) 1.5/1.6 51) 40 
3 49) 3.0) 4.7/22 78 '3.5| 52) 3.0! 6.1) 18) 77| 7.4) 41) 3.0/0.9) 31) 81) 27 
4'5.8) 60) 4.8137 5.4! 71) 8.1) 6.8) 21/103) 7.2) 26) 6.510 | 86/122) 23 
5 |7.6| 91) 7.2) 6.4/41 (144 (6.2109 8.1) 9.3 23)144/11.8) 38) 4.4/0 | 93/144) 25 
6 (267 52,285 9.7/113 10. 5'6.1|109 238) 39 
7 (258 |7.3 234/19. 0 | 7.3138 11.7 710 43/193) 42 
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the publications of Strauss. In 1902 Kutscher (5) had every reason to 
believe that protein is absorbed from the digestive tract in the form of 
amino acids, because he had previously proved that the tryptic diges- 
tion stops only with the complete transformation of protein into its 
component amino acids. Experimentally Kutscher nevertheless failed 
to find any evidence for an increase in the amino acid content of blood 
during active digestion, and he explained his negative results by aecept- 
ing the prevalent doctrine of protein regeneration in the walls of the 
intestine. Cohnheim (6) found another strong reason for believing 
that the protein must reach the blood as amino acids when he dis- 
covered erepsin, but experimentally he also was unable to trace the 
absorbed nitrogenous materials into the blood. Abderhalden (7) 
likewise failed and explained his negative results as Kutscher had ex- 
plained his. For a decade following the work of Kutscher and of Strauss 
more or less work was done; but very little was added to the findings 
reported by Strauss, and nothing to those of Kutscher. The under- 
lying ideas survived, but experimentally the field remained unproductive. 

In 1912 Folin and Denis (8) described colorimetric methods for the 
determination of the total non-protein nitrogen and for the urea and 
ammonia in blood, and a few months later Van Slyke (9) published a 
method for the determination of the amino acid nitrogen. In 1913 
appeared the first colorimetric method for the determination of uric 
acid in blood: and the following year analogous methods were described 
for the determination of creatinine and creatine. Imperfect as the 
earlier forms of these micro methods of blood analyses were, their 
application revealed at once fundamentally important facts, which 
earlier investigators using improvised macro methods had sought but 
could not find. 

In a series of papers entitled “Protein Metabolism from the Standpoint 
of Blood and Tissue Analysis’ (1912-1914) Folin and Denis (10) traced 
the nitrogen of simple products, urea, amino acids, creatine and crea- 
tinine, through the walls of the intestine into the mesenteric and the 
portal blood, through the liver, into the general circulation, and into 
the muscular tissues. They also showed that the relatively high am- 
monia of the portal blood represented practically little else than the 
absorption of ammonia formed by putrefaction in the large intestine. 
The clearing up of this point was important in that it removed the 
chief experimental support in favor of the now discarded theory that 
the deamination process, that is to say, the hydrolytic removal of the 
amino groups from the amino acids, was localized in the intestinal mu- 
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cosa. The experimental findings of Folin and Denis have on the whole 
been accepted as established facts, but some of their interpretations 
have not fared so well. In connection with similar experiments made 
by Van Slyke (11) attention was drawn to the fact that while the de- 
terminations of Folin and Denis disproved the current theory of lo- 
calized deamination, they did not entirely disprove the older rival 
hypothesis of localized protein regeneration. 

By means of his now so well-known method for the amino nitrogen 
determination, Van Slyke abundantly covered all that was missing in 
the evidence of Folin and Denis. Incidentally, Van Slyke showed that 
the blood always contains amino acids, and furnished the first depend- 
able figures representing this fraction of the non-protein nitrogen. In 
one respect Van Slyke’s findings, or rather interpretations, differed 
from those of Folin and Denis. The localized deamination process 
and urea formation which had figured so extensively in the literature, 
particularly American literature, during the preceding decade was again 
revived, but was transferred from the walls of the intestine to the liver, 
an organ which tme after time has been represented as the chief seat 
of the urea formation. Van Slyke’s interpretation is largely based on 
the interesting fact that the liver takes up an excessively large frac- 
tion of ingested or injected amino acids and then loses this charge in a 
relatively short time (3 to 4 hours). Van Slyke’s interpretation of a 
localized deamination and urea formation remained without serious 
contradiction for a number of years. 

Very recently, however, Folin and Berglund (12) have advanced 
another explanation of the temporary storage of amino acids in the 
liver, observed by Van Slyke, and have obtained a fresh series of ana- 
lytical data on the amino acid absorption and the urea accumulation, 
which, in their opinion, indicates that the urea formation is a function 
of all mammalian tissues, and is not predominantly localized in the 
liver. Their evidence is based chiefly on data showing that the accumu- 
lation of urea in the general venous blood never precedes the accumu- 
lation of amino acids. 

The question of the liver versus all the tissues in the body as the 
seat of the urea formation is of some importance clinically, quite apart 
from its place in the science of metabolism. ‘‘Liver function’’ tests 
in cirrhosis of the liver based on diminished urea formation or excessive 
amino acid excretion will stand in need of careful scrutiny and revised 
interpretation, if the liver is pot normally the chief seat of the urea 
formation. 
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Ammonia. In its major aspects the character of the normal amino 
acid metabolism and its relation to the phenomenon of nitrogen equi- 
librium have been seemingly definitely settled by means of the modern 
methods for detailed analysis of the non-protein nitrogen. But new 
problems are constantly coming in to take the places of the old. Accord- 
ing to the deamination process there should be no difficulty in getting 
a definite and true picture of the ammonia formation and its function 
to neutralize such acids as are formed and need to be neutralized in the 
tissues. If deamination and urea formation is not a localized process, 
there should be no occasion for any localization for the neutralization 
of acids by ammonia. 

The results which have been obtained in determining the ammonia 
nitrogen fraction of the non-protein nitrogen have not been in good 
agreement with what one might expect from the quantities of ammonia 
which are found in the urine. The 24-hour ammonia nitrogen in the 
urine is usually between 0.3 and 0.6 gram in the case of normal persons, 
and in diabetic acidosis this ammonia may be increased as much as 
ten times, or even more. Corresponding to such variations in the 
ammonia excretion there ought to be unmistakable variations in the 
ammonia content of the blood filtrates, even though anything approach- 
ing a constant coefficient is not to be expected. 

Because of the extraordinary difficulties involved in the determi- 
nation of ammonia in blood most of the literature on the subject is 
taken up with discussion of the necessary analytical procedures, and 
after more than 20 years of such effort there is still no generally accepted 
method available. Obscure points, such as the ammonia content of 
every brand of potassium oxalate and the practical impossibility of 
removing that impurity by recrystallizations, the persistent presence 
of ammonia in every brand of ethyl and methyl alcohol, the formation 
of ammonia in the blood on standing, or on applying heat—all have 
contributed to the publication of ammonia values for blood which 
differ by several hundred per cent. The true values for blood remain, 
therefore, uncertain; and the uncertainty is increased by the fact that 
the blood of man yields substantially the same values as the blood of 
herbivorous or carnivorous animals, and substantially the same whether 
the blood comes from normal persons or from those eliminating exces- 
sive quantities of ammonia with the urine. The expected variations 


in the blood, corresponding to known variations in the elimination so 
far have not been found. 
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Nash and 8. R. Benedict (13) have lately propounded an interesting 
explanation of the origin of the urinary ammonia which would account 
satisfactorily for all the observed facts. According to these authors 
the ammonia which finds its way into the urine is produced by the 
kidneys. The ammonia production might thus be pictured as another 
phase of the regulatory mechanism in that organ whereby the needed 
basic materials are reserved, partly by secretion of an acid urine and 
partly by this localized production of ammonia. Under these condi- 
tions the amounts of ammonia in the blood have, of course, practically 
nothing to do with the quantities excreted. 

The explanation offered by Nash and Benedict is not merely a theory, 
It is supported by analytical data which show that the ammonia of 
the renal vein contains more ammonia than other blood, either venous 
or arterial. Opinions will necessarily differ as to the supporting value 
of the experimental data. The extra ammonia in the renal vein repre- 
sents an over-production or a lack of perfect excretion of the ammonia, 
and is, of course, not at all an accurate index to the total ammonia 
formation in the kidneys—a point clearly recognized by the authors. 

Nash and Benedict’s paper gives an excellent review of the preceding 
literature. The one paper which has appeared later, Gad-Andersen’s 
(14), describes another method for the determination cf ammonia, 
but there is no reason to believe that this latest method is the best, 
especially as the results obtained are said to agree with those found 
by Henriques and Christiansen’s method, which involves the use of 
four volumes of alcohol. 

It is clear that for the present the question of the ammonia content 
of blood can have no bearing on any clinical problems. 

Urea. Urea in blood as in urine is quantitatively by far the most 
important nitrogenous product. The normal variations of the urea 
nitrogen lie between 8 mgm. and 15 mgm. per 100 cc. of whole blood. 
The latter figure is really outside the normal, unless the subject is on 
a very high level of protein metabolism. In connection with upper 
normal values it should be pointed out that these values may persist 
for 2 or 3 days or longer after the protein consumption has been reduced. 
A low normal level is therefore not necessarily obtained, because the 
blood is taken before breakfast in the morning. 

As a part of the total non-protein nitrogen of human blood the urea 
nitrogen varies under normal conditions between 35 and 55 per 
cent. The proportion falls most frequently “between 40 and 50 
per cent, but the variations are so large that it is not safe to assume, 
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as is frequently done, that the urea nitrogen is just about one-half 
of the total non-protein nitrogen. In nephritic nitrogen retentions 
the increase usually involves a greater increase of the urea than of the 
total nitrogen, and the per cent of the latter represented by urea may 
rise up to 70 per cent. 

Since the introduction of the urease methods for the estimation of 
urea (15), (16) this determination has become the most popular in 
chemical laboratories. The determination is unfortunately by no 
means so dependable as many seem to think. The enzyme employed 
is exceedingly sensitive, is occasionally more or less completely inac- 
tivated, and yields values that are too low. The total non-protein 
nitrogen determination represents, therefore, a more valuable and more 
dependable process for the study of nitrogen retention than does the 
urea determination. Both normally and in nitrogen retentions the 
urea is more abundant in the plasma than in the corpuscles. The 
distribution of the different nitrogen fractions of blood is illustrated 
by the table given on pp. 463 and 464. These figures were recently 
obtained by Berglund. 

The enormous quantities of urea which can accumulate before the 
uremic patient finally dies indicate clearly that urea is not toxic, a 
fact also suggested by the extraordinary urea content found normally 
in the blood of the shark. 

The simultaneous determination of urea in blood and in urine has 
received much attention in recent years as a means for determining 
the excretory efficiency of the kidneys. This line of investigation 
originated in France (17), and has been further elaborated by McLean 
(18). Opinions differ as to the value of such studies. The funda- 
mental underlying assumption that the excretory power of the kidneys 
may be expressed in the form of a dependable constant is none too 
well established, however alluring it may appear to those who: like 
to express metabolism processes in terms of mathematical formulas. 
The idea of the existence of such a constant certainly breaks down 
when it is extended so as to account for the rate of excretion of all 
waste products. 

Uric acid. Of all the known definite constituents of the non-protein 
nitrogen there is none which has received so much attention and which 
is so interesting alike from the standpoint of normal and of abnormal 
metabolism as uric acid. It is difficult to appraise with any degree 
of certainty the work upon which the early findings of uric acid in 
blood are based. Garrod (19) cites figures for uric acid in human blood 
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which, to be sure, seem not unreasonable. No one probably would 
now be able to confirm those figures by means of Garrod’s method, 
yet Professor Lehmann in bis well-known textbook (1851) states that 
he could for the most part confirm Garrod’s observations—only (as 
he states) he first happened to do so by finding uric acid in the blood 
of carnivorous animals (dogs) (20). Yet 60 years after Garrod, Gudzent 
(21) made a notable contribution by merely showing that positive 
murexide reactions could be obtained on dialyzates from certain clinical 
bloods, but not from normal human blood or from the blood of animals. 
It is difficult to assume that Garrod in 1848 could tell more about 
the uric acid content of blood than Brugsch and Schittenhelm (22) 
could do a dozen years ago. These latter investigators devoted much 
time to the subject; but, like Gudzent, they had to be content with 
positive qualitative tests obtainable from certain kinds of human blood. 
Even after the extraordinarily delicate uric acid reagent of Folin and 
Denis had been introduced (1912) the uric acid content of blood could 
not always be determined with any high degree of certainty. Modern 
studies on the uric acid content of blood began with the introduction 
of that reagent. 

A few remarks may be not out of place here concerning the inter- 
esting development of the colorimetric method for estimating uric 
acid in blood. The blood proteins from 20 ce. of blood were removed 
with boiling 0.01 N acetic acid. The filtrates were concentrated to a 
small volume and the uric acid was then precipitated by the best 
precipitant then known, the silver magnesium mixture—a uric acid 
precipitant first introduced by Salkowski in 1871. After removing 
the silver with hydrogen sulfide and boiling off the surplus H.S the 
uric acid reagent was added, together with sodic carbonate, and a fine 
blue color suitable for quantitative comparisons was obtained. 

This basic method has since been enormously simplified and improved. 
The most important single improvement was the introduction of 
potassium cyanide (23) by which the uric acid is set free and the disturb- 
ing silver is converted into complex cyanide compounds which have no 
disturbing effect. The next important step was the elimination of 
the tedious acetic acid precipitation, and accomplishing the precipi- 
tation of the uric acid by silver lactate without any preliminary concen- 
tration (24). The most remarkable step of all was taken by Benedict 
(25) a short time ago when he showed that it is not necessary to isolate 
the uric acid from the blood filtrates, and that by applying heat so 
much color is obtained that the blood filtrate from 0.5 cc. of blood is 
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adequate for a determination. (Garrod used several hundred ce. 
(“2 pounds”) of blood for each of his “determinations.’’) Benedict’s 
last simplification is based on the use of a reagent which differs from 
the regular reagent in that a part of the phosphoric acid has been 
replaced by arsenic acid. Benedict believed that the secret of his 
success lay in this new reagent, but it has since been found (26) that 
the original uric acid reagent behaves in the same way and that the 
secret of the remarkable simplification introduced by Benedict lies 
in the use of appropriate amounts of sodium cyanide as the only alkali. 
Unless some now unknown flaw is discovered in these latest forms of 
the colorimetric determination of uric acid there is scarcely place for 
any further improvements, except perhaps in the matter of preparing 
more stable standard solutions of uric acid. This last requirement 
is probably met by Folin’s finding that uric acid formaldehyde com- 
binations liberate their uric acid quantitatively, when diluted with 
water. 

The results of colorimetric determinations of uric acid in blood have 
on the whole substantiated the views which prevailed earlier both 
concerning normal purine metabolism and with regard to the accumu- 
lation of uric acid in blood in nephritis and in gout. The essential 
advance consists, therefore, up to date, mostly in the perfect certainty 
as to the correctness of these concepts and in the possibility of getting 
definite figures for all kinds of blood, including human blood in health 
and in disease. The fact learned from urine analysis that in all 
mammals, except the anthropoid ape and man, the chief end-product of 
the purine metabolism is allantoin, whereas in the anthropoid ape, in 
man, and in the birds, it is uric acid, is verified by the fact that in 
man and in birds the uric acid content of the blood is higher than in 
the blood of all mammals so far investigated. The uric acid content 
of bird’s blood, curiously enough, is only about twice as high as the 
average normal found in man and is no higher than the values frequently 
found in the gouty. 

The following uric acid figures for the bloods of animals were obtained 
by Folin and Denis (by the original colorimetric method) (27): 


RABBIT| SHEEP | PIG | HORSE ox CaT 
Mgm. uric acid per 100 ce. 
of blood .................| 0.05 | 0.05 | 0.05 | 0.05 | 0.05 | 4.9 


The figures 0.05 must be interpreted as meaning that no uric acid 
could be found, rather than that the figure cited is really correct. 
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In normal human blood the uric acid content is subject to relatively 
greater variations than that of any other known nitrogenous product, 
The lowest figure reported by Folin and Denis is 0.7 mgm., and the 
lowest found by Benedict out of 50 analyses is0.8 mgm. The maximum 
normal figure for the uric acid may perhaps be given as 3 mgm. per 
100 ce. 

For typical cases of gout Myers (28) found uric acid values ranging 
from 6.8 to 9.5 mgm. without any accompanying increase of any other 
nitrogenous waste product. These figures average materially higher 
than the figures previously reported by Folin and Lyman (29) or by 
Folin and Denis. In twelve cases of gout unaccompanied by nephritis 
(normal non-protein nitrogen) these last two authors found uric acid 
values ranging from 3.3 to 5.2 mgm. The characteristic and extra- 
ordinary feature of pure gout is that in most cases only the uric acid 
is increased. Whether this peculiar fact is to be interpreted in terms 
of a highly selective activity and correspondingly selective deteri- 
oration of the kidneys, or whether it means that uric acid is more difficult 
to excrete than any other waste product, a possibility suggested by 
the high normal levels and by the excessive variations in the uric acid 
content of the blood of normal persons, is by no means clear; nor is 
it certain that either one of these two hypotheses can furnish an adequate 
explanation. In nephritis leading to true uremia there is a gradual 
accumulation of all the nitrogenous waste products, except ammonia, 
and in such bloods there is no constant relationship between the increase 
in the uric acid and in that of the total non-protein nitrogen. But, 
on the whole, one can say that the uric acid seldom, if ever, shows a 
greater percentage increase than does the total nitrogen; that the uric 
acid accumulation, on the contrary, is usually less pronounced. In 
other words, in cases of generally diminished kidney efficiency one 
finds no support for the idea that the uric acid retention represents 
any special difficulty in the process of excretion. The statement 
made above is true at least for advanced cases of nitrogen retention. 
Whether it is also or equally true for the early stages representing 
moderate nitrogen retention is not certain. Myers (30), Krauss (31) 
and others have drawn the conclusion that the retention and accu- 
mulation of the uric acid precedes and exceeds that of the non-protein 
nitrogen in the early stages of kidney insufficiency. 

More observations on the problems are much needed, partly because 
the older eolorimetric technic of uric acid determinations has been 
none too dependable—a situation not improved by the freedom with 
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which little modifications have been introduced. Figures obtained by 
means of clinical colorimeters or by comparison with artificial standards 
ean scarcely have much value in relation to such a problem. Values 
obtained on whole blood are also less convincing than those obtained 
on plasma. 

There is one other interesting point which must be referred to in 
connection with the uric acid content of blood. Benedict (32) found 
some years ago that the uric acid content of ox blood which is normally 
very low (0.2 mgm.) increased several hundred per cent if the blood 
was allowed to stand (with preservatives) for several days. He also 
found that the uric acid content of blood filtrates from ox blood 
gave correspondingly increased uric acid figures if the filtrates 
were boiled with concentrated hydrochloric acid. Following these 
clues he was later able to isolate from ox blood filtrates a substance 
in pure crystalline condition which by hydrolysis is split into uric 
acid and a reducing sugar. Alice Rohdé Davis, working with Benedict 
on the problem, has obtained analyses indicating thaf the sugar is a 
pentose (ribose). This uric acid compound is located in the corpuscles 
of ox blood and is also found in the corpuscles of other animals, though 
in smaller amounts. If present at all in human blood the amount is 
so small that its isolation has not been accomplished with any degree 
of certainty. Morris (33) has lately obtained analytical data which, 
according to his interpretations, indicate that some form of combined 
uric acid may be present in some samples of human blood. 

Creatinine and creatine. The investigation of these two substances 
as constituents of protein-free blood filtrates dates from the introduction 
of the colorimetric method for their determination (1914) (34). Earlier 
investigators had tried to determine creatine and creatinine as they 
had tried to search for every other product found in urine, and some 
ventured to report actual figures. Carl Voit (35), for example, found 
as high as 108 mgm. of creatine per 100 ec. of ox blood. All such 
early attempts were necessarily hopeless. Even the colorimetric 
method now used for the determination of creatinine and creatine has 
not yielded results the validity of which can not be questioned. Like 
the early findings for urea or for uric acid the modern creatinine and 
creatine values could not have been even tentatively accepted, if it 
had not been for the fact that creatinine and creatine were necessarily 
supposed to be present, since creatine is abundant in the tissues and 
since creatinine is one of the major nitrogenous waste products. 
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The earliest figures obtained by the colorimetric process were doubt- 
less too high for the creatinine and much too high for the creatine. 
The figures for creatinine should be, and probably are, more nearly 
correct than those found for creatine, but like most figures obtained 
by a correct colorimetric reaction even the latest figures for blood 
creatinine must be interpreted as maximum figures, thus leaving open 
the possibility that they may later be shown to be too high. Up to 
the present time there is, however, no evidence available showing 
that creatinine figures obtained on the basis of really pure picric 
acid and the right amount of alkali are materially too high, at least 
when applied to plasma. Figures for the blood creatine are necessarily 
more uncertain, because of the heat which must be applied to the blood 
filtrate for the transformation of the creatine into creatinine. This 
heat was particularly disastrous when applied in the presence of picric 
acid, because some substance in the filtrate acted in acid solution on 
the picric acid so that it gave considerable color when the alkali was 
added. Folin and Wu thought that this effect might be due to hydrogen 
sulfide. (Hydrogen sulfide seems to have some reducing effect on 
picric acid when heated with it in the autoclave.) 

Whether the plasma of normal adults contains any free creatine 
must, on the whole, be considered doubtful, since such individuals 
excrete no creatine (36), yet do excrete creatine when sufficient creatine 
is taken to show any demonstrable increase in the creatine content of 
the plasma. The true creatine present in blood is probably confined 
to the corpuscles, and the corpuscle creatine is probably held in these 
cells by the same forces which result in the maintenance of the creatine 
content of muscles. The significance of all this creatine has never 
been satisfactorily explained. Folin regards it as a (post-mortem) 
product set free when the cell protoplasm is killed (37). Until some 
other explanation of the sharp localization of creatine in the animal 
body has been found this explanation should be kept in mind as at 
least possibly correct. 

The normal creatinine content of human blood may be given as 1.2 
to 1.5 mgm. per 100 cc. of whole blood, according to results obtained 
by the method of Folin and Wu. The creatine content of such blood 
varies between 3.5 mgm. and 5 mgm. The creatinine content of blood. 
is normally remarkably constant, as might have been expected in 
view of the fact that the endogenous production of creatinine is by far 
the largest source of the urinary creatinine. Because of these facts, 
V. C. Myers (38), with collaborators, has stressed the point that large 
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retentions of creatinine represent the most valuable single index 
in advanced cases of nephritis in which there are nitrogen reten- 
tions. Further and more detailed investigations including particularly 
the concentrations in the plasma are urgently needed. Myers and 
Killian (39) found less creatinine in the plasma than in the whole blood 
in cases of excessive nitrogen retention. This finding is probably 
erroneous, and is presumably due to some flaw in the technic employed. 

The question of the distribution of the various soluble nitrogenous 
products of blood filtrates between the plasma and the corpuscles is 
one which lately has received considerable attention partly because 
of the remarkable findings reported by Falta (40) and his co-workers. 
At present it seems measurably correct to say that if the different 
water content of plasma and corpuscles be disregarded, then only the 
amino acids, creatine, and the undetermined nitrogen are more abundant 
in the corpuscles than in the plasma; while the nitrogenous waste 
products—urea, creatinine, and uric acid—are more abundant in the 
plasma. In the case of uric acid the difference between the figures 
obtained from whole blood and from plasma issolarge that practically the 
whole of the uric acid content of the blood falls on the plasma. If it 
were not for the greater practical difficulties it probably would be 
better for analytical purposes to substitute the plasma altogether for 
whole blood. Serum gives substantially the same values as plasma. 

The determination of creatine, whether in whole blood or in plasma, 
is at present of importance only in connection with experiments which 
may serve to elucidate the obscure metabolic origin and significance 
of creatine and creatinine. Clinically such determinations can not at 
present be said to have any value. The creatinine determination, as 
already pointed out, is of considerable clinical importance. 

Since the above summary was written there has appeared another 
paper on the creatinine and creatine of blood, by Behre and 8. R. Bene- 
dict (41). In this paper the opposite side is taken on nearly every 
point involving the occurrence and significance of creatine and creatinine. 
The blood, including the plasma, is said to contain only creatine, and 
the creatinine figures previously reported are explained as due to the 
inadequacy of the available analytical technic. The creatinine content 
is given as less than 0.05 mgm. per 100 cc. of blood. The experimental 
work underlying these extraordinary conclusions is complicated. 
Behre and Benedict advocate the retention of the ‘‘creatinine” deter- 
mination in the study of nephritis, although the chromogenic material 
now involved is entirely unknown. The determination should, how- 
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ever, not be made by the method of Folin and Wu but according to a 
process described by the authors. 

In view of the many still active investigators who in the past have 
made contributions to the creatine-creatinine problem one can safely 
predict that the findings and conclusions of Behre and Benedict will 
not long remain without contradiction or verification. 

Amino acids. The amino acid nitrogen content of blood has been 
already referred to. The problems of normal protein metabolism have 
been solved in a large measure, in so far as those problems are concerned 
with the fluctuations of the amino acid nitrogen of the blood. In 
connection with the investigation of clinical problems it should be 
pointed out that the determination of the amino nitrogen, by itself, 
has very limited application. The deamination process appears to 
be such a fundamental process that one cannot expect to find many 
pathological conditions in which the amino nitrogen of the blood 
filtrates will vary very much from the normal. As was stated in con- 
nection with the discussion of urea, the deamination is not affected 
by the accumulation of this end product. Even in the most advanced 
cases of uremic nephritis the amino acid content of the blood is by no 
means increased. In the course of a very large series of amino acid 
determinations on a great variety of clinical bloods Bock (42) has, to 
be sure, found unusually high values in nephritis when the non- 
protein nitrogen exceeds 100 mgm. The increases found are very 
variable. Bock used Van Slyke’s method. Berglund, working with 
the colorimetric method, failed to find any increase of the amino acid 
nitrogen in several cases of nephritis, where the non-protein nitrogen 
ranged from about 70 mgm. to over 300 mgm. The normal values 
found by Bock ranged from 6.1 to 7.9 mgm. 

That it is possible for deamination abnormalities to occur must be 
admitted. Cystinuria furnishes a beautiful example. For the present, 
however, such problems can be investigated only on the basis of urine 
analysis—unless one should by chance encounter a case of uremia 
superimposed on cystinuria. 

The normal constant elimination of amino acids with the urine is inter- 
esting in view of the fact that the amino acids are not waste products. 
Their elimination indicates that there is no threshold, no force, by which 
they are quantitatively retained below a certain concentration in 
the blood. The level in the blood equivalent to from 5.7 to 7.8 
of nitrogen per 100 cc. of whole blood, may be said to be normally very 
constant, but unmistakable increases occur after every substantial 
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protein meal, and, corresponding to these small, but definite increases 
in the blood, there occur considerable increases in the hourly excretion. 
The reason why the daily loss of amino acids through the kidneys 
remains small is the same as the reason for the failure of the amino 
acids to accumulate in the blood—namely, the avidity with which 
they are taken up by the tissues. The tissues absorb the amino acids 
almost as extensively and as perfectly as they absorb the sugars, yet 
for the amino acids we assume no retentive mechanism analogous to 
the glycogen formation. 

The statement made above that deamination abnormalities are 
rare and that one can scarcely expect to find such on the basis of amino 
acid determinations made on blood must not be construed as implying 
the complete absence of clinical cases in which the amino acid nitrogen 
of the blood is high. Extremely high amino nitrogen figures are already 
on record. In a well-studied case of yellow atrophy of the liver, Feigl 
and Luce (43) found almost a twenty-fold increase of the amino acid 
nitrogen (from 42 up to 115 mgm.). Stadie and Van Slyke (44) have 
also reported very high amino nitrogen values for an acute case of 
yellow atrophy (14 to 26 mgm.). Other similar cases have been 
reported. The high amino acid value found in such cases can scarcely 
be designated as representing metabolism disorders. The accumu- 
lation of amino acids is not due to a failure of deamination and urea 
formation, but rather to an excessive production of amino acids by 
virtue of a rapid autolysis of one large organ—the liver. The accumu- 
lation of amino acids in these cases is analogous to the accumulation 
of uric acid in leukemia. 

Practically all of the literature on the amino acid content of blood is 
based on the gasometric method of Van Slyke. The new colorimetric 
method of Folin (45) appears to yield substantially the same sort of 


values, although as yet no parallel determinations have been made 
on blood filtrates. 
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